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ABSTRACT
The Waterloo volcanic-hosted massive sulphide (VHMS) deposit is located in the Charters
Towers Region in northern Queensland, Australia. The deposit forms part of the Cambro-
Ordovician Seventy Mile Range Group that represents a major belt of E-W striking and sub-
vertical dipping volcanic-sedimentary rocks. The volcanic host rocks and the base metal min-
eralisation of the Waterloo deposit are not exposed in surface outcrops because of a thick
cover by Pliocene fluvial sedimentary rocks. Exploration diamond drilling (total -10 km of
core) led to the delineation of a relatively small high-grade base metal resource of 243,500
tonnes ore grading 3.8 % Cu, 13.8 % Zn, 3.0 % Pb, 74 g/t Ag, and 1.2 g/t Au. The minerali-
sation comprises several small semiconnected stratiform, blanket-like, pyrite-chalcopyrite-
sphalerite-galena massive sulphide lenses.
The structural style of the Early Ordovician Waterloo sequence has been constrained using
macroscopic structural techniques. The massive sulphides at Waterloo are interpreted to be
syn-volcanic in origin because they have been overprinted by the same generations of tectonic
structures as the host stratigraphy. The Waterloo sequence was tilted into a subvertical posi-
tion during north-south compression that is possibly Mid- to Late Ordovician in age. This
regional folding event also resulted in the development of an axial plane cleavage that is par-
ticularly well developed in a high strain zone surrounding the massive sulphides. The spatial
relationship between the folded bedding plane and the axial plane cleavage as well as the con-
sistent south facing of the bedding of volcaniclastic sediments indicate that the deposit is lo-
cated at the southern limb of a major east-west trending antiform. This antiform has a shallow
plunge to the west. The Waterloo sequence was affected by two faulting events that are
younger than the regional folding. Early steeply dipping ENE striking faults interpreted to be
Silurian or Devonian were accompanied by significant dip-slip normal movement, whereas
younger strike-slip faults have no affect to the geometry of the Waterloo sequence.
Based on the improved understanding of the structural style of the Waterloo sequence, the
volcanic facies architecture of the host sequence was investigated to unravel the temporal and
spatial relationships between volcanism and massive sulphide formation. The massive sul-
phides formed in a below storm wave base depositional enviromnent on top of a non-
explosive, near-vent, andesite-dominated facies association containing coherent volcanic units
and related juvenile volcaniclastic rocks. The massive sulphide lenses are overlain, and par-
tially hosted in, a coarse quartz-feldspar crystal-rich sandstone and breccia facies. These rocks
are interpreted to be mass flows that record contemporaneous probably explosive dacitic to
rhyolitic volcanism outside the Waterloo area. The still wet and unconsolidated coarse sedi-
ment in the immediate hanging wall of the massive sulphides was intruded by a feldspar por-
phyritic dacite cryptodome that was partly emergent at the ancient seafloor. The emplacement
of the cryptodome indicates that the magmatic source feeding the volcanism within the Wa-
terloo area shifted towards an acidic composition at the time of massive sulphide formation.
Dacite cryptodome volcanism at Waterloo was followed by the waning of the hydrothermal
activities. The subsequent period of relatively quite sedimentation was occasionally inter-
rupted by the emplacement of syn-sedimentary basaltic to andesitic sills and was followed by
the mass flow deposition of a coarse feldspar-quartz sandstone and breccia facies. Finally
there was a period of intense non-explosive, near-vent basalt to andesite-dominated volcan-
ism.
II
Petrochemical investigations demonstrated that the coherent volcanic rocks of the Waterloo
sequence belong to a subalkaline volcanic suite. The basalt, andesite, and dacite of the Wa-
terloo sequence are cogenetic. The petrographic and petrochemical characteristics of the re-
worked volcaniclastic facies suggest that the material was derived from a petrogenetically
similar volcanic source of dacitic to rhyolitic composition. The geochemical signatures of the
most primitive volcanic rocks from the Waterloo sequence are similar to modern subduction-
related volcanics, such as back-arc basin basalts forming during the early stages of back-arc
basin evolution. Based on these findings and the results of previous regional studies, it is sug-
gested that volcanism in the Waterloo area occurred in a bac - arc basin that developed on
thinned Precambrian continentallithosphere flanking a continental margin volcanic arc.
Mineralogical investigations on the volcanic rocks hosting the massive sulphides revealed that
two types of alteration can be distinguished. Least altered rocks were affected by weak re-
gional alteration that was caused by the combined effects of devitrification, hydration, burial
diagenesis, seawater interaction, regional metamorphism of the lower greenschist facies, and
defOlmation. In contrast, volcanic rocks located in the footwall and the immediate hanging
wall of the massive sulphides were subject to a combination of hydrothermal and regional
alteration.
The spatial distribution of alteration mineral associations as well as the mineralogical and
geochemical attributes of the hydrothermal altered rocks constrain the environment of hy-
drothermal alteration. The massive sulphide lenses at Waterloo are underlain by an extensive
footwall alteration halo that is typified by a semiconformable zonation defined by an inner
zone of silicic-altered volcanics (pyrite-quartz-muscovite) that laterally passes into a zone of
phyllic alteration (pyrite-muscovite-chlorite-quartz, pyrite-paragonite-muscovite-chlorite-
intermediate NaIK mica-quartz, and pyrite-muscovite-albite-chlorite-paragonite-intermediate
NaIK mica-quartz-calcite) and a zone consisting of propylitic-altered volcanics (albite-
chlorite-epidote-muscovite-paragonite-quartz-calcite-pyrite and albite-chlorite-epidote-quartz-
calcite). It is demonstrated that the development of the zonation of the alteration halo can be
directly linked to the nature and evolution of the fluids interacting with the volcanic rocks in
the different parts of the hydrothermal alteration halo. Hydrothermal alteration in the upflow
zones of the mineralising fluids resulted in the formation of large amounts of muscovite on
the expense of primary rock-forming silicates by the combined effects of potassium and hy-
drogen metasomatism. This type of alteration was principally linked to the acidity of the min-
eralising hydrothermal fluids. The alteration in the upflow zones also involved a sulphidisa-
tion of the rocks due to the reaction of ferrous iron contained in rock-forming silicates and the
volcanic glass matrix with H2S supplied by the hydrothermal fluids. Silicification was pro-
nounced in the upflow zones because the mineralising fluids cooled by moving down a tem-
perature gradient. Outward percolation of the hydrothermal fluids into zones surrounding the
thermal upflow was accompanied by a rapid neutralisation of the strong acids and, therefore,
an increasing reactivity of CO2 with respect to hydrogen metasomatism. The percolation of
seawater into the zones surrounding the high temperature upflow zones was intrinsically in-
volved in the development of the alteration zonation. Heating of seawater, by moving up a
temperature gradient, resulted in a pronounced sodium metasomatism in the outer parts of the
alteration halo that caused the formation of sodium silicates (albite, intermediate NaIK mica,
and paragonite) at the expense of primary rock-forming silicates such as feldspars and earlier
formed products of hydrothermal alteration, such as muscovite. In contrast to the footwall
alteration halo, alteration of the volcanic facies overlying the ore horizon is limited in extent
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and rapidly fades in intensity with increasing distance from the sulphides. The zonation of the
hanging wall alteration is defined by an inner zone of phyllic alteration (pyrite-muscovite-
quartz, pyrite-muscovite-paragonite-intermediate NaIK mica-chlorite-quartz, muscovite-
chlorite-quartz, and muscovite-paragonite-intermediate NaIK mica-chlorite-quartz) and an
outer zone comprising propylitic-altered volcanics (albite-muscovite-chlorite-paragonite-
intermediate NaIK mica-quartz-calcite and albite-muscovite-chlorite-epidote-quartz-calcite).
Phyllic alteration in the immediate hanging wall of the massive sulphides can be accounted
for by the ongoing intense alteration following the burial of the ores by the mass flow derived
coarse quartz-feldspar sandstone and breccia facies and the emplacement of the dacitic cryp-
todome, whereas the outer zone of propylitic alteration records the waning of the hydrother-
mal activities where alteration occurred at successively decreasing temperatures in a more
oxidising environment.
Based on the results of this study it is suggested that the genetic relationship between volcan-
ism and massive sulphide formation can be constrained by integrating volcanological studies
on the host rock sequence with detailed mineralogical and geochemical investigations of the
hydrothermally altered rocks. The volcanological investigations demonstrate that the miner-
alisation event occurred in close temporal and spatial relationship to felsic volcanism culmi-
nating in the emplacement of a dacite cryptodome in the immediate hanging wall to the mas-
sive sulphides. The findings of the alteration halo study are consistent with this observation
because the mantle-derived volcanism in the Waterloo area may not only have provided the
heat to drive the hydrothermal system, but may also have acted as a source of chemical com-
ponents, such as volatile species that controlled the acidity of the mineralising hydrothermal
fluids.
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1 PREAMBLE
1.1 Introduction
Volcanic-hosted massive sulphide deposits
(VHMS) are predominantly stratiform sul-
phide accumulations and related crosscut-
ting stringer zones or massive replacement
pipes that formed from hydrothermal fluids
on or immediately below the ancient sea-
floor. The host rocks of most massive sul-
phide deposits are dominated by coherent
volcanic rocks and/or volcaniclastic depos-
its. The massive sulphide accumulations
(>60 wt.% sulphides) are coeval or nearly
coeval with the mafic to felsic volcanic host
rocks. VHMS deposits also include massive
sulphides hosted by sedimentary rocks that
formed in a dominantly volcanic regime.
VHMS deposits are a significant source of
Cu, Zn, and Pb ores. Many VHMS deposits
contain economic grades of Ag and Au and
elements such as Co, Sn, Cd, In, Bi, Ga, and
Ge are recovered as co- or by-products
(Hutchinson, 1973, 1980; Solomon, 1976;
Large, 1977, 1992; Franklin et aI., 1981;
Gibson and Kerr, 1993; Franklin, 1995;
Ohmoto, 1996; Barrie and Hannington,
1999).
VHMS deposits occur in submarine vol-
canic rocks formed throughout the Earth's
history. Amongst the oldest examples of this
type of deposits are those of the pre-3.7 Ga
old volcanic rocks at Isua, Greenland
(Appel, 1979) and the pre-3.4 Ga volcanic
strata of the Pilbara Block in Australia
(Sangster and Brook, 1977; Barley, 1992).
The most recent VHMS occurrences fonn at
actively venting hydrothermal sites at the
modem seafloor (Scott, 1985; Rona et aI.,
1986; Rona, 1988; Rona and Scott, 1993;
Hannington et aI., 1995; Herzig and Han-
nington, 1995, 2000). Phanerozoic massive
sulphide accumulations are known to have
formed in a wide variety of tectonic settings
such as oceanic ridges, thickened oceanic
crust, sedimented oceanic ridges, sedi-
mented continental margin rifts, and a vari-
ety of rifled arc settings including nascent
arcs, primitive volcanic arcs, mature vol-
canic arcs, and continental arcs (Hutchinson,
1980; Franklin et aI., 1981; Barrie and Han-
nington, 1999; Herzig and Hannington,
2000).
VHMS deposits range in size from a few
hundred thousand tons to super-giant mas-
sive sulphide accumulations (>100 Mt) and
typically occur in clusters forming districts
(Ohmoto et aI., 1983; Adamides, 1987;
Cook et aI., 1990; Morton et aI., 1991;
Large, 1992; Piche et aI., 1993; Allen et aI.,
1996; Newberry et aI., 1997; Leistel et aI.,
1998; Prokin et aI., 1998). In total, more
than 1,350 massive sulphide deposits are
known world wide collectively containing
more than 9.05 billion tonnes of ore which
corresponds to an approximate metal re-
source of 107 Mt Cu, 207 Mt Zn, 52 Mt Pb,
0.25 Mt Ag, and 5,400 t Au (Monecke, un-
publ.).
1.2 Classification schemes
A number of workers have classified mas-
sive sulphide deposits on the basis of their
metal contents (Solomon, 1976; Franklin et
aI., 1981; Large, 1992; Franklin, 1995).
Three distinct groups of massive sulphides
can be distinguished, namely Cu-Zn, Zn-Pb-
Cu, and Pb-Zn deposits. Hutchinson (1973)
and Large (1992) proposed that Cu-rich
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massive sulphides form a distinctly separate
group of deposits. The metal ratio division
of massive sulphides proved to be an im-
portant criterion that is linked to both the
host rock lithologies and the tectonic envi-
ronment of massive sulphide formation.
A second group of classification schemes is
based on host rock composition (Sangster
and Scott, 1976; Klau and Large, 1980;
Barrie and Hannington, 1999). Klau and
Large (1980) grouped volcanic-hosted mas-
sive sulphide deposits into three groups:
deposits associated with felsic volcanics in
Archean greenstone belts, felsic associated
deposits in post-Archean calc-alkaline and
tholeiitic sequences, and mafic volcanic
associated deposits. Barrie and Hannington
(1999) distinguished five types of VHMS
deposits, namely tllose hosted by mafic,
bimodal-mafic, mafic-siliciclastic, bimodal-
felsic, and bimodal-siliciclastic rocks.
VHMS deposits have also been grouped into
different types according to deposit charac-
teristics including metal content, host rock
composition, and tectonic setting (Sawkins,
1976). Cu-rich (and occasionally Zn-rich)
deposits hosted by mafic rocks of ophiolitic
sequences are commonly referred to as 'Cy-
prus-type' deposits because some of the best
preserved Cu-rich VHMS are known from
the Troodos ophiolite on Cyprus. 'Besshi-
type' (or 'Kieslager-type') deposits occur in
mafic-siliciclastic sequences and are typi-
cally rich in copper and contain some zinc,
but are fairly poor in lead. Deposits associ-
ated with felsic rocks are called 'Kuroko-
type' deposits. These deposits contain abun-
dant lead along with Cu and Zn sulphides.
'Kuroko-type' massive sulphide accumula-
tions form the economically most important
group of VHMS deposits world wide.
An alternative approach to classification
solely based on mineralogical criteria has
been recently put forward by Sillitoe et al.
(1996). These authors suggested a classifi-
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cation of VHMS deposits that is analogous
to the two-fold subdivision of precious (and
base) metal epithermal deposits into low and
high sulphidation types (Hedenquist, 1987;
Hedenquist and Lowenstern, 1994).
According to Sillitoe et al. (1996), low sul-
phidation massive sulphide deposits contain
sulphide minerals of a low to intermediate
sulphidation state such as pyrite, pyrrhotite,
and chalcopyrite and are characterised by
related phyllic alteration that is defined by
the abundant occurrence of white mica and
chlorite. Alternatively, low sulphidation
massive sulphides may also be accompanied
by argillic alteration which is typified by the
presence of kaolinite and pyrophyllite as
major alteration products. The dominant
fluids in low sulphidation deposits are near-
neutral, relatively reduced solutions of
evolved seawater origin (Figure I-I). Al-
though VHMS deposits of the low sulphida-
tion type appear to predominate in nature, an
increasing number of massive sulphide ac-
cumulations of the high sulphidation type
has been recently recognised in volcanic
terrains that formed on convergent plate
margins. High suiphidation massive sul-
phide deposits contain sulphides of high to
intermediate sulphidation states such as bor-
nite, covellite, enargite, luzonite, tennantite,
low-Fe sphalerite, orpiment, and realgar.
These sulphides are associated with ad-
vanced argillic alteration. This type of al-
teration is defined by the occurrence of kao-
linite, alunite, topaz, and zunyite. The min-
eralising fluids forming high sulphidation
deposits are acidic, relatively oxidised, and
of magmatic origin (Figure I-I).
The geological characteristics and possible
modes of genesis of low and high sulphida-
tion massive sulphide deposits are discussed
in more detail below. Because the research
work undertaken is focused on a 'Kuroko-
type' VHMS deposit, the literature review is
biased towards massive sulphide forming
processes at convergent plate boundaries.
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Figure 1-1: Characteristics of low and high sulphidation massive sulphide deposits (modified from Sillitoe et aI.,
1996).
1.3 Deposit characteristics
Massive sulphide accumulations of the low
sulphidation type have variable shapes and
sizes depending on the exact modes of for-
mation. Precipitation of sulphides at the
seafloor commonly resulted in steep sided
mounds of hydrothermal precipitates such as
the Hellyer deposit, Tasmania (Gemmell
and Large, 1992; Gemmell and Fulton,
200 I). Other massive sulphide deposits such
as the Hyal as Safil deposit, Oman, repre-
sent sulphide-rich debris flows derived from
sulphide mounds (Galley and Koski, 1999).
Low sulphidation massive sulphide accu-
mulations may form by sub-seafloor re-
placement where sulphides precipitated into
open space ancIJor replaced reactive rock
material (Allen et al., 1996; Gibson et al.,
1999). The deposits may also have blanket-
like shapes or occur as pipes or sulphide-
bearing vein systems (Large, 1992).
The shapes and sizes of high sulphidation
massive sulphide deposits are also quite
variable. At the Bossa and Grand Bois de-
posits, Haiti, the mineralisation occurs as
fault-localised stockworks and massive sul-
phide lenses (Sillitoe et al., 1996). Some of
the massive sulphide lenses transgress the
local stratigraphy suggesting that replace-
ment processes were, at least locally, im-
portant. The mineralisation of the Boliden
deposit in the Skellefte district, Sweden,
consists of two pipelike massive sulphide
bodies that were fonned by subsurface re-
placement processes (Alien et aI., 1996;
Bergman Weihed et al., 1996). The Lerokis
and Kali Kuning deposits at Wetar Island,
Indonesia, represent asymmetric massive
sulphide mounds with associated flanking
baritic sands (Scotney et aI., 1999).
Low and high sulphidation massive sulphide
deposits are associated with intense zones of
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hydrothermal alteration. Alteration in the
footwall of the massive sulphides is more
pronounced than alteration in the hanging
wall of the deposit which is rare and less
extensive in size. Footwall altered zones in
coherent volcanic rocks are typically well
defined and restricted in width to less than
that of the overlying massive sulphide
lenses, whereas altered zones hosted by vol-
caniclastic strata are typically diffuse in ap-
pearance and have many times the width of
the overlying massive sulphides. Footwall
altered zones typically show a distinct geo-
chemical and mineralogical zonation that
reflects the temperature and chemistry of the
upflowing near-neutral and relatively re-
duced hydrothermal fluids, the thermal and
pressure gradients along the upflow zone,
the extend of mixing with local seawater,
and the composition of the host rocks prior
to alteration.
A large number of low sulphidation massive
sulphide deposits in ancient volcanic ter-
rains are underlain by footwall alteration
halos comprising an inner chlorite-rich core
and an outer white mica-rich periphery
(Franklin et aI., 1981; Lydon, 1988). For
example, this type of alteration has been
described from the Aznalc6llar deposit in
the Iberian Pyrite belt, Spain (Almod6var et
aI., 1998; Leistel et aI., 1998). A second
type of zonation of alteration halos under-
lying low sulphidation massive sulphide
deposits is typified by quartz-pyrite or
quartz-white mica-pyrite cores and periph-
eral parts containing substantial amounts of
chlorite and white mica. A well documented
example of this type of alteration occurs at
the HeJlyer massive sulphide deposit
(GemmeJl and Large, 1992; Gemmell and
Fulton, 200 I). The inner zone of alteration
consists of quartz-pyrite with minor white
mica and chlorite and contains several gen-
erations of veins representing the feeders to
the growing massive sulphide mound
(GemmeJl and Large, 1992; Monecke et aI.,
2001b). This silicic alteration zone is sur-
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rounded by a chlorite-pyrite zone containing
minor carbonate which is, in turn, enveloped
by a white mica-chlorite-pyrite shell and a
white mica-quartz-pyrite outermost zone.
This outermost alteration zone grades into
unaltered footwaJl andesite.
The understanding of the geological char-
acteristics of low sulphidation massive sul-
phide deposits in ancient land-based terrains
has much profited from the discovery and
subsequent study of sulphide forming hy-
drothermal vent sites at the modem seafloor.
Since the first discovery of modem occur-
rences at the East Pacific Rise (Skorn-
yakova, 1965; Bostrom and Peterson, 1966;
Francheteau et aI., 1979; Hekinian et aI.,
1980; Spiess et aI., 1980), at the Trans-
Atlantic Geotraverse (TAG) hydrothermal
field at the Mid-Atlantic Ridge (Rona,
1980), and at the Galapagos Spreading
Centre (Corliss et aI., 1979), a relatively
large number of sulphide occurrences and
vent sites has been discovered.
Most known modern vent sites show low
sulphidation characteristics and occur at
considerable water depth (>1,500 m). A
particularly well characterised example is
the hydrothermal TAG mound at the Mid-
Atlantic Ridge (Humphris et aI., 1995).
Drilling of the mound and the underlying
altered basement during Leg 158 of the
Ocean Drilling Program (ODP) revealed
that the massive sulphides are underlain by
pyrite-anhydrite, pyrite-quartz-anhydrite,
and pyrite-quartz breccias. The outer altera-
tion halo was found to be typified by para-
gonite-quartz-pyrite and chlorite alteration
(Honnorez et aI., 1998).
High sulphidation massive sulphides are
typically associated with advanced argillic
alteration that is interpreted to result from
the acidic character of the hydrothermal
fluids (Ohrnoto, 1996; Sillitoe et aI., 1996;
Gemmell et aI., 1999; Hannington et aI.,
1999). Acid-type alteration in high sulphi-
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dation massive sulphide occurrences on the
modem seafloor is typified by quartz, kao-
linite, pyrophyllite, diaspore, alunite, barite,
and native sulphur. A well documented
modem example of advanced argillic altera-
tion was observed at DESMOS (Gemmell et
aI., 1999). Platy alunite crystals associated
with pyrophyllite, kaolinite, talc, and native
sulphur have been detected at the Hine Hina
field (Herzig et aI., 1998). At the JADE site
in the Okinawa Trough, massive sulphides
are hosted by intensely altered pumiceous
sediments that are cemented by barite, kao-
linite, and native sulphur (Halbach et aI.,
1989, 1993; Hou et aI., 1999; Marumo and
Hattori, 1999).
The Miocene Lerokis deposit on Wetar Is-
land was found to exhibit an alteration halo
with an advanced argillic core passing later-
ally into argillic and propylitic zones
(Scotney et aI., 1999). Propylitic alteration
is defined by an alteration mineral associa-
tion of albite, chlorite, epidote, and calcite.
The Cambrian high sulphidation Brewer
deposit in the Carolina slate belt of South
Carolina is also typified by concentric ad-
vanced argillic and quartz-white mica al-
teration zones. Patchy propylitic alteration
was found to halo the white mica alteration
zones. The advanced argillic alteration in
this deposit is characterised by quartz, rutile,
andalusite, kyanite, pyrophyllite, diaspore,
alunite, pyrite, kaolinite, dickite, halloysite,
lazulite, and topaz. The quartz-white mica
zone contains a mineral association of
quartz, white mica, pyrite, ilmenite, and
apatite, whereas chlorite, epidote, quartz,
calcite, white mica, and feldspar form the
peripheral propylitic alteration zone (Bell,
1982; Scheetz, 1991). The ore zones of the
Ordovician Western Tharsis deposit, Mount
Lyell Field, western Tasmania, are envel-
oped by an advanced argillic alteration zone
consisting of quartz, pyrophyllite, topaz,
fluorite, zunyite, and woodhouseite. This
alteration mineral association grades out-
ward into a pyritic quartz-white mica asso-
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ciation. The outermost alteration zone de-
veloped in the stratigraphic footwall of the
deposit comprises quartz, chlorite, carbon-
ate, white mica, and albite (Huston and
Kamprad, 2001).
In most ancient and strongly metamor-
phosed analogues, the advanced argillic al-
teration mineral association described above
is replaced by aluminosilicate minerals such
as andalusite, sillimanite, or kyanite. For
example, the Mattabi VHMS deposit hosted
by the Archean Sturgeon Lake Caldera
Complex, Canada, is associated with discor-
dant footwall alteration zones containing
andalusite, kyanite, pyrophyllite, and chlo-
ritoid. The core of the alteration zone is
typified by a aluminium silicate association,
whereas the outer parts of the alteration
zone are composed of chloritoid and alumi-
num silicates (Morton and Franklin, 1987;
Gibson et aI., 1999). A similar alteration
mineralogy and mineral zonation has been
recognised at the Archean Headway-Coulee
massive sulphide deposit in northwestern
Ontario (Osterberg et aI., 1987). Aluminium
silicate and aluminium oxide alteration (an-
dalusite and corundum) has also been re-
ported from the Proterozoic Boliden deposit
in the Skellefte district, Sweden (Alien et
aI., 1996; Bergman Weihed et aI., 1996).
Other examples characterised by aluminium
silicate alteration are the auriferous
Bousquet and Dumagami VHMS deposits in
the Abitibi greenstone belt (Tourigny et aI.,
1989,1993; Marquis et aI., 1990).
In contrast to low sulphidation VHMS de-
posits, many high sulphidation deposits ap-
pear to have formed in transitional shallow
submarine to subaerial environments. For
instance, Alien et al. (1996) argued on the
basis of volcanic facies interpretation that
the volcanic sequence hosting the Protero-
zoic Boliden deposit formed above the wave
base (shallow-water or subaerial). The Cre-
taceous Pueblo Viejo deposit in the Domini-
can Republic is thought to have formed in a
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similar environment (Kesler et aI., 1981;
Vennemann et aI., 1993). Volcanic exhala-
tive mineralisation at the Palinuro seamount
in the Aeolian arc, Italy, occurs at the sum-
mit of a submergent volcano at a depth of
-600 m (Mioniti and Bonavia, 1984; Tufar,
1991). However, deposits of the high sul-
phidation type may also form below the
depth of subcritica1 phase separation (boil-
ing). For instance, the PACMANUS hy-
drothermal field, eastern Manus basin, is
located at a depth of 1,650 to 1,700 m
(Binns and Scott, 1993) and the Hine Hina
hydrothermal field at the Valu Fa Ridge,
Lau Basin, is located at 1,850 to 1,900 m
water depth (Fouquet et aI., 1993; Herzig et
aI., 1998).
1.4 Seawater convection above subvol-
canic intrusions
Most workers agree that partial removal of
metals from the footwall volcanic or vol-
canic-sedimentary rocks by evolved sea-
water convecting above magmatic intrusions
or shallow magma chambers is the principal
mechanism leading to the enrichment of
base (and precious) metals in the hy-
drothermal fluids forming low sulphidation
massive sulphide deposits (Spooner and
Fyfe, 1973; Ohmoto and Rye, 1974; Large,
1977; Lagerblad and Gorbatschev, 1985;
Cook et aI., 1990; Stolz and Large, 1992;
Ohmoto, 1996).
The evidence for mobilisation of the metals
includes stable and radiogenic isotopic data
obtained from studies on ores, alteration
minerals, and gangue minerals indicating
that seawater is intrinsically involved in the
mineralising event. Moreover, experimental
and theoretical studies on hydrothermal
water rock interaction as well as mineral
solubility constraints further support this
hypothesis. The probably most compelling
evidence resulted from the identification of
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the hydrothermal reservoir zones and meas-
urement of the depletion of the metals in
these source rocks.
Detailed mapping has revealed that most
volcanic terrains hosting VHMS deposits
are affected by district scale alteration. Dis-
trict scale alteration has been initially recog-
nised by the pioneering studies of Spooner
and Fyfe (1973) as well as Heaton and
Sheppard (1977) in the East Liguria ophio-
lite. These studies were followed by Greg-
ory and Taylor (1981) in the Samail ophio-
lite and Schiffrnan et al. (1987) in the Troo-
dos ophio1ite. These authors demonstrated
that the district scale alteration can be rec-
ognised on the basis of alteration mineral
associations and stable isotope signatures. In
the Archean Noranda VHMS district, the
regional alteration formed a concentric oxy-
gen isotope anomaly with a diameter of ap-
proximately 30 km (Cathles, 1993). The
regional alteration in the Proterozoic Snow
Lake VHMS camp can be traced for a strike
length of20 km (Galley, 1993).
District scale alteration is caused by large
scale convection of evolving seawater
through the volcanic rocks. Most workers
assumed that the large scale convection is
caused by the emplacement of a magma in a
fairly shallow crustal level «5 km). This
assumption is based on high-resolution
seismic reflection studies on modem mid-
ocean ridge systems indicating that magma
chambers may indeed occur at depths of
only 1.0 to 3.5 km (Morton and Sleep, 1985;
Collier and Sinha, 1990; Haymon et aI.,
1991; Detrick et aI., 1993; Kent et aI., 1993,
1994). Initially, the emplacement of a
magma chamber at a shallow crustal level
causes the connate water to heat up. The
heated water eventually rises up through the
volcanic rocks and cold seawater penetrates
into the rock pile at the margins of the ther-
mal anomaly. This process is envisaged to
ultimately create a rapid circulation of
evolving seawater where the discharge
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zones are more focused than the recharge
zones (Fehn et aI., 1983; Rosenberg et aI.,
1993; Alt, 1995; Ohmoto, 1996).
In the last decades, the mechanisms leading
to district scale alteration in the oceanic
crust have been fairly well established and
the processes involved in the formation of
massive sulphide deposits in these settings
were extensively studied. The understanding
of the alteration processes occurring in typi-
cally mafic rocks is largely based on inves-
tigations constraining the distribution of
alteration mineral associations in ophiolites
as well as scientific seafloor drilling related
alteration studies. Moreover, experimental
studies on the fluid-rock interaction of ba-
salts have provided important insights. It has
been shown that the down welling seawater
reacts with the surrounding rocks at progres-
sively higher temperatures as it descends
towards the heat source. At temperatures
below 150 QC the seawater begins to interact
with the vitreous and crystalline rocks.
During the low-temperature reactions, al-
teration minerals such as celadonite, smec-
tites, zeolites, and more rarely K-feldspar
are formed (Alt, 1995).
The decrease of the permeability downward
prevents penetration of large amounts of
relatively cold seawater into zones of ele-
vated temperatures. Hence, only a small
percentage of seawater enters the deeper
portion of the oceanic crust and reacts with
the rocks at temperatures above 150 QC
(Rosenberg et aI., 1993). The temperature of
the evolving seawater increases further
during the circulation towards the heat
source and may rise to over 350 QC. At ele-
vated temperatures, albitisation of plagio-
clase occurs, chlorite, epidote, mixed-layer
chlorite/smectite, and actinolite replace ma-
fic minerals and glass, and titanomagnetite
is replaced by titanite (Humphris and
Thompson, 1978). The formation of anhy-
drite may play an important role at elevated
temperatures (Shanks and Bischoff, 1977;
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Bischoff and Seyfried, 1978; Shanks et aI.,
1981; Alt et aI., 1989).
The chemistry of the seawater changes dur-
ing circulation due to the water rock inter-
action. Mg is lost from the seawater and
OH- originating from the dissociation of
water is incorporated into secondary miner-
als such as smectite and chlorite. Excess If'
in the evolving seawater causes the decrease
of the pH from the seawater value (pH 7.8 at
2 QC) to values as low as pH 2 (Bischoff and
Seyfried, 1978; Seyfried and Bischoff,
1979; Seyfried et aI., 1988; Fouquet et aI.,
1993; Alt, 1995). Quantitative reduction of
the seawater sulphate with the ferrous iron
contained in pyroxene and olivine or
through conversion of igneous pyrrhotite
occurs at high temperatures and results in
the fonnation of large amounts of S'-
(Spooner and Fyfe, 1973; Shanks et aI.,
1981; Alt, 1994).
At high temperatures, the evolved seawater
strips a significant amount of the metals
(and other elements) from the wall rocks. As
a matter of fact, metal and sulphur losses are
a general characteristic of samples recov-
ered from the high temperature (>350 QC)
altered portions of the oceanic crust. Cu and
S appear to be lost as a result of the break-
down of magmatic sulphides, whereas the
Zn loss is most likely related to the break-
down of Fe-Ti oxides and pyroxene (Alt and
Anderson, 1991; Doe, 1994; Alt et aI., 1995;
Zuleger et aI., 1995). The zone of high tem-
perature reactions is, therefore, referred to as
the reservoir zone (Alt, 1995). Because the
permeability in the reservoir zone is limited,
large scale alteration of the reservoir zone
proceeds at low water/rock ratios that are
estimated to range from below one up to
approximately five (Edmond et aI., 1979;
Albarede et aI., 1981; Mottl, 1983; Von
Damm et aI., 1985; Merlivat et aI., 1987;
Shanks and Seyfried, 1987; Shanks et aI.,
1995).
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Mobilisation of significant amounts of met-
als from the reservoir zone must proceed
fast because massive sulphide deposits form
within several thousand years. For instance,
it has been shown that the 3.9 Mt hy-
drothermal TAG mound at the Mid-Atlantic
Ridge (Hannington et aI., 1998) formed in
the last 20,000 - 50,000 years with hy-
drothermal episodes occurring only every
-5,000 years (Lalou et aI., 1990, 1993,
1995, 1998). Studies of naturally occurring
radionuclides in modern vent fluids indeed
suggest that the residence time of the
evolving seawater in the reservoir zone is
very short, Le., in the order of several years
(Kadko et aI., 1985; Kadko and Moore,
1988; Kadko and Butterfield, 1998).
After interaction with the wall rocks in the
reservoir zone, the evolved seawater be-
comes buoyant and rises within hours to the
surface, probably focused along faults
(Delaney et aI., 1987; Goldfarb and De-
laney, 1988). The deep, focused hydrother-
mal upflow zone in ophiolites are charac-
terised by rocks consisting of epidote,
quartz, and titanite and are referred to as
epidosites (Richardson et aI., 1987; Schiff-
man et aI., 1987; Harper et aI., 1988;
Schiffrnan and Smith, 1988; Seyfried et aI.,
1988; Bettison-Varga et aI., 1992, 1995; Alt,
1994; Nehlig et aI., 1994).
District scale alteration in bimodal-felsic,
and bimodal-siliciclastic volcanic terrains is
believed to be caused by mechanisms that
are comparable to those occurring in vol-
canic belts dominated by mafic rocks. In
bimodal-felsic, and bimodal-siliciclastic
settings, significant amounts of Pb and Ba
are likely to become released during the
decomposition of igneous feldspar. This
process potentially explains the elevated
contents of these elements in 'Kuroko-type'
massive sulphide ores.
Strong evidence for large scale convection
of evolving seawater in bimodal-felsic and
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bimodal-siliciclastic volcanic terrains also
results from the recognised spatial zonation
of alteration mineral associations (Eastoe et
aI., 1987; Galley, 1993). For instance, dis-
trict scale alteration in the Mount Read Vol-
canics in Tasmania is characterised by white
mica as the dominant alteration mineral. The
micaceous alteration typically persists sev-
eral hundred metres into the footwall of the
horizon hosting the VHMS deposits before
passing into alteration mineral associations
containing calcium minerals and albite
(Polya et aI., 1986; Eastoe et aI., 1987). In
the Bergslagen district in Sweden, a regional
alteration zonation was delineated by a geo-
chemical study carried out by Lagerblad and
Gorbatschev (1985). These authors showed
that higher stratigraphic levels of the vol-
canic pile were enriched in K20 during large
scale alteration, whereas the lower parts of
the stratigraphy showed enrichments in
Na20 and commonly MgO. In the Panorama
district of western Australia, background
alteration is typified by feldspar-chlorite-
quartz and feldspar-white mica-quartz asso-
ciations. The semiconformable alteration
zones are crosscut by feldspar-destructive
alteration mineral associations that are in-
terpreted to mark the discharge sites associ-
ated with the fonnation of VHMS deposits
(Brauhart et aI., 1998). Feldspar-bearing
zones in the upper part of the volcanic se-
quence were found to be enriched in K and
Si, whereas a strong Na enrichment was
noted at the base of the volcanic pile. The
construction of mass transfer maps of Cu
and Zn revealed the presence of large de-
pletion zones of these elements in the lower
portion of the volcanic sequence (Brauhart
et aI., 200 I).
Mass balance calculations show that the
rock column underlying world class deposits
is indeed able to provide sufficient amounts
of metals. Stolz and Large (1992) estimated
the source rock volume of the mound-style
Cambrian Hellyer VHMS deposit containing
17 Mt ore grading 0.30 % Cu, 13.00 % Zn,
I Preamble
6.80 % Pb, 160 ppm Ag, and 2.30 ppm Au.
The authors assumed that approximately 10
percent of the Zn contained in the footwall
rocks would have been removed by the
heated circulating seawater. In dependence
of the various source rock types occurring in
the stratigraphic footwall of the deposit
(Cambrian basalts to rhyolites and associ-
ated sedimentary rocks, Precambrian vol-
canics, ultramafics, and metamorphic
rocks), different volumes of the source rocks
were calculated that ranged from 70 to 340
km3• Assuming that the zone of metal de-
pletion above an igneous heat source has the
shape of an inverted cone with the orebody
being located at the apex, a source rock vol-
ume of 70 km3 corresponds to a cone having
a height of 5 km and a basal radius of 3 km.
Taking into account that the Central Vol-
canic Complex hosting the Hellyer deposit
has a maximum stratigraphic thickness of
approximately 4 km, metal depletion is
likely to have penetrated into the underlying
basement. Stolz and Large (1992) pointed
out that Sr and Pb isotope evidence indeed
suggests that metal mobilisation from the
basement rocks occurred (Gulson et aI.,
1987; Whitford et aI., 1992)
1.5 Magmatic contribution to massive
sulphide forming hydrothermal systems
Several authors have suggested that chemi-
cal components including volatiles and met-
als contained in the hydrothermal fluids
forming high sulphidation massive sulphide
deposits are of magmatic origin (Urabe and
Sato, 1978; Sillitoe et aI., 1996; Yang and
Scot!, 1996; Hannington et aI., 1999).
The mineralising aqueous fluids are thought
to be derived from ascending volatile-
saturated silicate melts (Johnson et aI., 1994;
Lowenstem, 1994; Heinrich et aI., 1999).
The aqueous fluid exists either as a super-
critical phase at high pressures, or consists
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of coexisting low-salinity vapour-rich fluids
and hypersaline fluids at pressures and tem-
peratures associated with magmatic intru-
sions in the shallow crust (Henley and
McNabb, 1978; Hedenquist, 1995). Chlo-
ride-complexed metals are likely to strongly
partition into the hypersaline fluid
(Hedenquist and Lowenstem, 1994),
whereas the low-salinity vapour-rich fluid is
principally composed of H,O, CO" SO"
H,S, H2, HC1, and other species including
metals (Symonds et aI., 1994). The hyper-
saline fluid has a high density and may (ini-
tially) remain at depth, whereas the vapour-
rich fluid is buoyant and will rapidly ascend
from the region of magma and the hyper-
saline fluid (Hedenquist and Lowenstem,
1994; Hedenquist, 1995).
Prime evidence for a magmatic contribution
to high sulphidation VHMS forming sys-
tems comes from melt inclusion studies
(Yang and Scott, 1996; Kamenetsky et aI.,
200 I, 2002). These authors found sulphate,
carbonate, chloride, and sulphide precipi-
tates as well as high concentrations of cop-
per, zinc, iron, and CO, in inclusions
trapped in phenocrysts and matrix glass of
volcanic rocks from the volcanic ridge
hosting the PACMANUS polymetallic sul-
phide occurrence. The Cu abundance de-
creased from basalt to dacite, whereas Pb
behaved as an incompatible element with
the highest values in the dacite. The highest
Zn content was observed in andesite. The Zn
abundance decreased during further frac-
tionation. The loss of Cu from the fraction-
ating magmas was interpreted to result from
metal partitioning into a fluid which was
released from the system during magma
fractionation.
Currently, two ore-forming hypothesis can
be distinguished: (I) the low-salinity va-
pour-rich fluid is responsible for the miner-
alisation, whereas the magmatic hypersaline
fluid remains at depth throughout the evolu-
tion of the hydrothermal system and (2) the
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rapid loss of the low-salinity vapour-rich
fluid is followed by the ascent of the hyper-
saline fluid that carries most of the metals
(Arribas, 1995).
In any case, the chemical signature of the
fluid ultimately responsible for mineralisa-
tion will be substantially modified after re-
lease from the magmatic source due to
mixing with evolved seawater percolating
into the areas surrounding the magmatic
intrusion. Mixing will initially result in the
formation of highly acidic and oxidising
hydrothermal fluids. However, the compo-
sition of the hydrothermal fluids becomes
reduced and less acidic through time and
distance from the magmatic source because
of their interaction with the wall rocks
(Giggenbach, 1992). Thus, slow ascent of
the hydrothermal fluids as well as intense
interaction with the wall rocks will prevent
the venting of highly acidic and oxidising
hydrothermal fluids at the seafloor.
Proponents of a magmatic-hydrothermal
hypothesis of massive sulphide formation,
therefore, argue that magmatic-derived high
sulphidation fluids gradually acquire low
sulphidation characteristics during fluid as-
cent (Sillitoe et aI., 1996). Thus, seawater
convection above subvolcanic intrusions
does not represent the only plausible process
explaining the formation of low sulphidation
massive sulphides.
A magmatic contribution to low sulphida-
tion massive sulphide forming hydrothermal
systems has been supported for some time
(Bostrom and Peterson, 1966; Descarreaux,
1973; Sangster and Scott, 1976; Henley and
Thomley, 1979; Sawkins and Kowalik,
1981; Stanton, 1985, 1990). Initially, the
magmatic-hydrothermal hypothesis was
only supported by the observation that low
sulphidation massive sulphide deposits are
commonly spatially related to particular
igneous suites and that the ores are typically
confined to a single horizon of the volcanic
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or volcanic-sedimentary sequence. This
finding has been invoked as a clear indica-
tion that VHMS forming processes are re-
lated to differentiation of magmas and to the
release of juvenile hydrothermal fluids at a
specific time of magmatic evolution.
Moreover, a direct relationship between low
sulphidation massive sulphide deposit for-
mation and magmatic activities was also
favoured because lithogeochemical studies
established that productive volcanic units
are geochemically distinct from barren vol-
canic rocks. This observation suggests that
massive sulphide-bearing sequences have
undergone fundamentally different petro-
chemical evolutions from barren rocks. The
geochemical basis for the distinction be-
tween mineralised and barren volcanic rocks
usually lies in differences in the trace ele-
ment signatures of the volcanic rocks, espe-
cially in the relative abundances of the rare
earth elements (REE). Barren volcanic se-
quences in the Archean Superior province in
Canada are characterised by chondrite-
normalised REE distributions with high
LanNbn ratios and lack significant negative
Eu anomalies. Volcanic rocks hosting de-
posits show relatively flat REE patterns and
are characterised by negative Eu anomalies
(Campbell et aI., 1982; Lesher et aI., 1986).
Recent studies on the composition of mod-
em hydrothermal fluids precipitating sul-
phides of the low sulphidation type suggests
that magma chambers providing heat to
drive the convection of evolving seawater
also supply volatiles to the convective hy-
drothermal system through volatile de-
gassing. However, it is not yet widely ac-
cepted that other chemical components such
as metals contained in low sulphidation hy-
drothermal fluids are of magmatic origin.
An example for a magmatic volatile contri-
bution to modem mid-ocean ridge hy-
drothermal fluid systems is the influx of 3He
into modem mid-ocean ridge hydrothermal
fluid systems that appears to be related to
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degassing of the mantle or crystallising
magmas (Lupton and Craig, 1981; Baker
and Lupton, 1990; Stuart et aI., 1995). Ex-
cess 4°Ar in fluid inclusions hosted by sul-
phides from 13 oN East Pacific Rise also
indicates magma degassing (Stuart et aI.,
1995). Moreover, carbon and hydrogen iso-
tope analyses on vent fluids have been in-
voked to be indicative for a magmatic vola-
tile contribution. The CO2contained in mid-
ocean ridge vent fluids typically has 8l3C
values ranging from -7 to -4 %0 (Merlivat et
aI., 1987; Craig et aI., 1994), thus being
identical to the isotopic composition of
mantle C02 that has 8l3e values of -10 to -4
%0 (Des Marais and Moore, 1984; Mattey et
aI., 1984; Sakai et aI., I990a; Javoy and
Pineau, 1991). Shanks et al. (1995) sug-
gested that hydrogen isotopic data of hy-
drothermal fluids venting at 9-10 ON East
Pacific Rise may be explained by an input of
H20 from a magma. Hydrothermal vent
fluids also show an unusual enrichment in
methane and hydrogen. The H2/CH. and
CHJC02 ratios in the hydrothermal vent
fluids are comparable to those in basalts
indicating a magmatic origin of these gases.
(Welhan, 1988a,b; Javoy andPineau, 1991).
Additional evidence for an active contribu-
tion of magmas to the volatile composition
of low sulphidation hydrothermal fluids
comes from direct observations of the tem-
poral relationships between volcanic erup-
tions and increased hydrothermal activities
at modem mid-ocean ridges. Baker et al.
(1989), Embley et al. (1991), Embley and
Chadwick (1994) demonstrated that event
mega-plumes over the Cleft segment on the
southern Juan de Fuca Ridge in 1986 and in
1987 were closely associated with the erup-
tion of large volumes of basaltic lava. Dur-
ing the 1986 event mega-plume _108 m3 of
hydrothermal fluid were released (Baker et
aI., 1995). Other mega-plume observations
have been reported from various localities
including the North Fiji Basin (Nojiri et aI.,
1989), the eastern Manus Basin (Gamo et
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aI., 1993), the East Pacific Rise (Chadwick
et aI., 1995; Embley et aI., 1995; Urabe et
aI., 1995), and the CoAxial Segment of the
Juan de Fuca Ridge (Chadwick et aI., 1995;
Embley et aI., 1995). The ratio of volatile
eHe, CH., and H2S) to nonvolatile (Mn and
Fe) species in the plumes are typically high
in plumes associated with magmatic activi-
ties (Lilley et aI., 1991; Lupton et aI., 1993;
Baker et aI., 1994; Feely et aI., 1994; Mottl
et aI., 1995). Lupton (1995) speculated that
the catastrophic release of heat and mag-
matic volatiles as event plumes may be as-
sociated with nearly every instance of
magma injection at modem mid-ocean
ridges, but are only rarely observed because
of their short duration.
In the context of massive sulphide deposits,
the source of sulphur in the hydrothermal
fluids is of particular interest. It has been
found by numerous workers tllat sulphur
isotopic compositions of sulphides within
single low sulphidation massive sulphide
deposits are confined to relatively narrow
ranges varying between the magmatic value
and the 834S values of contemporaneous
seawater sulphate. The 834S values of sul-
phides in deposits of various ages show a
consistent parallel variation with coeval
marine sulphate deposits on a world wide
basis indicating that reduced seawater sul-
phate is the major source of sulphur (Large,
1992; Eastoe and Gustin, 1996). However, a
point initially raised by Ueda and Sakai
(1984) may also have important implica-
tions to the interpretation of sulphur isotopic
data. These authors pointed out that subduc-
tion-related magmas have 834S of approxi-
mately +5 to +7 %0. This value significantly
deviates from the sulphur isotopic composi-
tion of mid-ocean ridge basalts that have
834S values close to zero. The results of this
study imply that the upper mantle is hetero-
geneous in sulphur content as well as iso-
topic composition. This conclusion was con-
firmed by later investigations by Woodhead
et al. (1987) showing that Mariana Islands
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Figure 1-2: Schematic representation of the setting of low sulphidation (LS) and high sulphidation (HS) massive
sulphide deposits in relation to a submarine intermediate to felsic volcanic centre (modified from Sillitoe et al.,
1996).
lavas have mean 834S values of+11 %0.
A magmatic contribution to the sulphur
content of hydrothermal fluids venting at the
modem seafloor was first demonstrated by
Gamo et al. (1997) on the DESMOS hy-
drothermal field and by Herzig et a1. (1998)
on the Hine Hina hydrothermal area. Herzig
et al. (1998) showed that negative 834S val-
ues of sulphides are best explained by dis-
proportionation of magmatic S02 into re-
duced and oxidised sulphur species causing
an enrichment of 32S in sulphides, whereas
34S is enriched in coeval sulphates. A similar
disproportionation mechanism was invoked
to explain negative 8348 values sulphides
(834S ranging from -2 to -11 %0) and posi-
. 5: 34S l' . 1 . (5: 34SfIve v va ues m cogenetlc a umte v
ranging from 18 to 22 %0) at the Pueblo
Viejo massive sulphide deposit that has high
sulphidation characteristics (Vennemanrl et
al., 1993). Additional evidence for a direct
input of S02 in the massive sulphide form-
ing high sulphidation hydrothermal fluids
comes from the fact that such inputs have
been described from seamaunts and subma-
rine arc volcanic settings (Sedwick et al.,
1992; McMurtry et al., 1993; Davis and
Clague, 1998; Stoffers et al., 1999).
1.6 Volcanic setting of massive sulphide
deposits
Based on the magmatic-hydrothermal hy-
pothesis, Sillitoe et a1. (1996) suggested a
model explaining the occurrence of low and
high sulphidation within VHMS-bearing
district forming at convergent plate margins.
These authors assumed that ascending high
sulphidation fluids in the submarine massive
sulphide environment are likely to rapidly
acquire a low sulphidation character because
of mixing with seawater and alteration of
the wall rocks. Based on this assumption,
high sulphidation massive sulphides are
most likely located proximal to the mag-
matic source, whereas low sulphidation de-
posits may preferentially occur in distal po-
1 Preamble
sitions. A complete spectrum of fluid com-
positions intermediate between the high
sulphidation and low sulphidation endmem-
bers may exist in nature, depending on the
origin and evolution of the mineralising
fluids.
Following this line of reasoning, the char-
acter of alteration and ore mineralogy
should be related to the position of the mas-
sive sulphide deposits with respect to sub-
marine volcanic centres (Sillitoe et aI.,
1996).
Figure 1-2 shows a schematic representation
of the environment of 'Kuroko-type' massive
sulphide formation together with the pre-
dicted locations of low and high sulphida-
tion deposits. The edifice depicted is a typi-
cal intermediate to felsic dome complex as
described by Horikoshi (1969). The sea-
water is shown to be relatively shallow, Le.,
only in the range of several hundreds me-
tres. This assumption is reasonable because
low and high sulphidation massive sulphide
deposits such as those in the Early Protero-
zoic Skellefte district, Sweden, formed in an
area comprising scattered islands and shal-
low-water areas that was surrounded by
deeper sea (Allen et aI., 1996).
The high sulphidation system occurs on top
of the volcanic edifice in the area of focused
discharge of hydrothermal fluids released
from the magmatic system during phase-
separation (Figure 1-2). In contrast to epi-
thermal deposits, steam-heated ground water
forming acid-type alteration mineral asso-
ciations above the water table is not gener-
ated in the submarine high sulphidation
system. Thus, the only alteration type ob-
servable is the advanced argillic alteration
resulting from the upflow of the acidic
magmatic fluids.
Shallow intrusions of magma provide the
heat source for seawater convection through
the volcanic pile (Figure 1-2). Magmatic
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fluids are entrained into the circulating
evolved seawater and become diluted. The
mixed fluids have a low sulphidation char-
acter and may form exhalative massive sul-
phides or replacement ores. In analogy to
terrestrial geothermal systems, the low sul-
phidation fluids are likely to vent distally at
the flanks ofthe volcanic centres.
The model proposed by Sillitoe et al. (1996)
has significant genetic implications because
it opens a new perspective on massive sul-
phide formation at the seafloor and a possi-
ble ore deposit continuum to epithermal
style mineralisation on land. Moreover, the
model has implications to exploration be-
cause it predicts the position of different
types of massive sulphide deposits with re-
spect to volcanic centres.
1.7 Aims of the present study
It is suggested here that the model proposed
by Sillitoe et al. (1996) can be effectively
tested in ancient volcanic terrains by inte-
grating volcanological studies with detailed
mineralogical and geochemical investiga-
tions on the hydrothermally altered wall
rocks. A possible temporal and spatial rela-
tionship between massive sulphide forma-
tion and contemporaneous volcanism can be
revealed by the volcanological study of the
host rocks, whereas the chemical nature of
the mineralising hydrothermal fluids is best
reconstructed on the basis of the alteration
characteristics.
In the present thesis, this approach has been
applied to the study of the Ordovician 'Ku-
roko-type' Waterloo massive sulphide de-
posit, Australia, in an attempt to test for a
genetic link between massive sulphide for-
mation and contemporaneous volcanism in
the Waterloo area. This aim was achieved
by combining data on the regional setting of
the deposit obtained from a literature review
I Preamble
with detailed examinations at the deposit
scale carried out as a part of the present re-
search work. The geological aspects studied
at Waterloo included structural investiga-
tions and the reconstruction of the volcanic
facies architecture of the volcanic rocks
hosting the deposit. Information on the tec-
tonic setting and the magmatic processes
taking place in the Waterloo area were ob-
tained from a petrographic and petrochemi-
cal study on the volcanic host rocks. The
processes of hydrothermal alteration were
constrained by mineralogical and geochemi-
cal investigations on the hydrothermal al-
teration halo enveloping the massive sul-
phides. Particular emphasis was paid on the
mineralogy of white mica contained in the
hydrothermally altered wall rocks. The data
collected were integrated in a model de-
scribing the genetic link between massive
sulphide formation and volcanism at Wa-
terloo.
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2 GEOLOGICAL SETTING
2.1 Introduction
Australia bas more tban 30 significant (>1
Mt) VHMS deposits witb a combined base
metal resource of 3.9 Mt Cu, 11.7 Mt Zn,
and 3.8 Mt Pb. Tbis type of deposit is a
major contributor to Australian base metal
production (Large, 1992). Tbe majority of
VHMS deposits in Australia occur in Pa-
laeozoic volcanic rocks of tbe Tasman Fold
Belt System (Figure 2-1).
The Tasman Fold Belt System is a compos-
ite tectogenic and structural feature consti-
tuting the eastern tbird of Anstralia. Tbe
system was an active orogenic region from
tbe Cambrian to tbe Cretaceous, it youngs
overall from west to east and it is partially
concealed beneath younger sediments
(Scbeibner, 1978; Wellman, 1995). Tradi-
tionally, tbe Tasman fold belt system bas
been subdivided into five Palaeozoic oro-
genic belts. The Lacblan Fold Belt (Cam-
brian to Carboniferous) forms tbe central to
southeastern part of the Tasman Fold Belt
System. Tbis fold belt is bounded to tbe
west by Neoproterozoic to Early Ordovician
rocks of the Kanmantoo Fold Belt. A large
basin separates tbe Lacblan Fold Belt and
tbe poorly known Thomson Fold Belt from
tbe Late Palaeozoic to Mesozoic rocks of
tbe New England Fold Belt. Tbe Hodgkin-
son-Broken River Fold Belt is located in tbe
nortbern part of tbe Tasman Fold Belt Sys-
tem (Figure 2-1).
Witbin the Tasman Fold Belt System,
VHMS deposits occur in several major pro-
vinces including the Mount Read Volcanic
Belt in Tasmania, the Balcooma Metavol-
canics in nortbern Queensland, the Seventy
Mile Range Group in nortbern Queensland,
tbe Lacblan Fold Belt of northeastern Victo-
ria and in New Soutb Wales, and tbe New
England Fold Belt in Queensland (Large,
1992).
Tbe oldest VHMS deposits of the Tasman
Fold Belt System are located in tbe Cam-
brian Mount Read Volcanic Belt, in tbe
Cambro-Ordovician Balcooma Metavol-
canics, and in tbe Cambro-Ordovician Sev-
enty Mile Range Group. In the past decades,
mucb of the researcb efforts on Australian
VHMS deposits was focused on the Cam-
brian deposits of tbe Mount Read Volcanic
Belt (Mount Lyell, Rosebery, Hellyer, Que
River, and Hercules) and their bost rock
litbologies because tbese deposits bave a
great importance to the Tasmanian and
Australian economies. Significant advances
have been made in understanding tbe altera-
tion tbat is related to the hydrotbermal ac-
tivity forming tbe base metal sulpbide de-
posits. Moreover, tbe palaeovolcanological
origins and tbe palaeoenvironmental settings
of tbe volcanic-sedimentary successions
bosting the deposits have been studied in
detail (Green et aI., 1981; Solomon, 1981;
Walsbe and Solomon, 1981; Corbett, 1992,
2001; Crawford et aI., 1992; Gemmell and
Large, 1992; Large, 1992; McGoldrick and
Large, 1992; McPbie and Alien, 1992; Of-
fier and Whitford, 1992; Waters and
Wallace, 1992; Khin Zaw and Large, 1992;
Gemmell and Fulton, 2001; Large et aI.,
2001a).
Altbougb tbe Seventy Mile Range Group is
bost to a number of VHMS deposits (Tba-
langa, West 45, Liontown, Higbway-
Reward, Handcuff, Waterloo, and Magpie),
comparably few studies were carried out in
2 Geological Setting 16
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Figure 2-1: Structural elements of the Tasman Fold Belt and locations of major VHMS deposits: 1 Cambrian
deposits of the Mount Read Volcanic Belt in Tasmania, 2 Carnbro-Ordovician deposits of the Balcooma Meta-
volcanics in northem Queensland, 3 Cambro-Ordovician deposits of the Seventy Mile Range Group in northern
Queensland, 4 Silurian deposits of the Lachlan Fold Belt of northeastern Victoria, 5 Silurian deposits of Lachlan
Fold Belt in New South Wales, 6 Perrnian deposits of the New England Fold Belt in Queensland, and 7 Devo·
nian deposits of the New England Fold Belt in Queensland (modified from Scheibner, 1978; Rutland et aI.,
1990).
this base metal province. The knowledge on
the age and regional geological setting of
the deposits is, in general, limited, and the
origin of mineralising fluids and their evo-
lution within the mineralised zones are not
well constrained (Henderson, 1986; Berry et
aI., 1992; Stolz, 1995; Hill, 1996; Doyle and
Huston, 1999; Paulick and McPhie, 1999;
Doyle, 2001; HelTDlann and Hill, 2001;
Paulick et aI., 2001).
The regional setting and the geology of the
Seventy Mile Range Group are described in
the present chapter and a summary of the
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major characteristics of the VHMS deposits
hosted by the volcanic-sedimentary rocks of
the Seventy Mile Range Group is given.
2.2 Charters Towers Region
The Cambro-Ordovician Seventy Mile
Range Group forms part of the Charters
Towers Region that covers about 37,000
km2 to the south and west of Townsville
(Day et aI., 1978; Murray and Kirkegaard,
1978; Henderson, 1986). The Charters Tow-
ers Region is situated in the northern part of
the Thomson Fold Belt (Figure 2-1). It com-
prises several distinct rock associations such
as Neoproterozoic to Early Palaeozoic
metamorphic rocks (Cape River Meta-
morphics, Charters Towers Metamorphics,
Argentine Metamorphics, Running River
Metamorphics, and Kirk River Beds), Cal11-
bro-Ordovician volcanic-sedimentary rocks
(Seventy Mile Range Group), Late Cam-
brian to Middle Ordovician and Late Silu-
rian to Early Devonian igneous rocks (e.g.,
in the Lolworth, Ravenswood, and Reedy
Springs Igneous Complexes), Devonian to
Carboniferous sedimentary rocks (e.g., in
the Burdekin Basin), Carboniferous to Per-
mian intrusive and extlUsive rocks, Triassic
and Cenozoic fluviatile sedimentary rocks
(e.g., Warang Sandstone and Campaspe
Formations), and Cenozoic basalts.
The Cape River Metamorphics are probably
Neoproterozoic to Early Cambrian and
comprise meta-arenite, mica schist, and
various types of gneiss of amphibolite facies
metamorphic grade that probably derived
from an approximately 1,150 Ma (unpub-
lished SHRIMP V-Pb ages by Fanning,
1996) provenance. The Charters Towers
Metamorphics consist of multiply deformed
quartz-biotite-plagioclase schist, cordierite-
quartz-biotite schist, quartzite, and minor
calc-silicate. The Argentine Metamorphics
comprise a greenschist to middle amphibo-
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lite facies package of mica schist and
quartzite with local intercalations of iron-
stone and quartz-hematite rocks as well as a
middle to upper amphibolite facies package
of migmatite biotite gneiss and mica schist.
The Running River Metamorphics are
formed by biotite gneiss, migmatite, amphi-
bolite, mica schist, and quartzite. The Kirk
River Beds are poorly exposed meta-
sedimentary rocks in the eastern part of the
Charters Towers Region (Murray and
Kirkegaard, 1978; Henderson, 1986; Peters,
1987). Lithological similarities between the
Cape River Metamorphics, the Charters
Towers Metamorphics, and the Kirk River
Beds with parts of the Seventy Mile Range
Group have been noticed (Wyatt et aI.,
1970, 1971; Hartley et aI., 1989, 1993;
Hutton et aI., 1993).
The Cambro-Ordovician Seventy Mile
Range Group represents a major belt of E-W
striking and subvertical dipping volcanic-
sedimentary rocks of a combined strati-
graphic thickness of approximately 12 km
(Henderson, 1986; Berry et aI., 1992). The
exposed volcanic-sedimentary rocks com-
prise a linear belt which crops out discon-
tinuously over a distance of about 165 km
from the Leichhardt Range (south of Ra-
venswood) in the east, to Pentland in the
west (Figures 2-2 and 2-3). The stratigraphy,
metamorphism, stlUcture, age, tectonic set-
ting, and economic geology of the Seventy
Mile Range Group are discussed below in
more detail.
The Lolworth, Ravenswood, and Reedy
Springs Igneous Complexes contain a large
number of constituent plutons that can
Figure 2w 2: Generalised geological map of the
Charters Towers Region showing the distribution of
the major geological units and the locations of the
VHMS deposits: 1 Thalanga and West 45, 2 Lion-
town, 3 Highway-Reward and Handcuff, 4 Water-
loo, and 5 Magpie (modified from Bain and Draper,
1997).
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be subdivided into two groups. The first
group of intrusions (mainly granite to gra-
nodiorite) formed in the Late Cambrian to
Middle Ordovician. This igneous activity is,
therefore, probably comagmatic with the
formation of the Cambro-Ordovician vol-
canics in the Seventy Mile Range Group.
Plutons of the second group (mainly grano-
diorite to tonalite) intruded in the Late Silu-
rian to Early Devonian (Webb, 1970,
197Ia,b; Richards, 1980; Hutton et aI.,
1990,1993,1994; Rienks, 1991; Hutton and
Crouch, 1993; Rienks et aI., 1994; Hutton
and Rienks, 1997).
The Burdekin Basin in the northern part of
the Charters Towers Region is composed of
Early Devonian to Early Carboniferous ma-
rine- and continent-derived sediments as
well as volcanic rocks. These sediments lie
unconfonnably on a basement that belongs
to the Lolworth and Ravenswood Igneous
Complexes. The oldest phase of deposition
consists of partly calcareous sandstone and
pebbly sandstone; coral and stromatoporoid-
dominated limestone; calcareous, lithofeld-
spathic sandstone and conglomerate; and
fossiliferous mudstone, siltstone, and sand-
stone. The overlying sequence is of entirely
continental origin and consists of sandstone,
mudstone, siltstone, conglomerate, and mi-
nor limestone as well as volcaniclastic
sediments. The conformably overlying se-
quence of sandstone, siltstone, and mud-
stone mainly formed in a marine deposi-
tional environment. This sequence is uncon-
formably overlain by predominantly vol-
canic rocks (Wyatt and Jell, 1980; Draper
and Lang, 1994).
Carboniferous to Permian igneous activities
occurred in numerous gabbroic to granitic
magmatic centres. These centres resulted in
(1) volcanic sediment infilled grabens and
half grabens, (2) batholith-sized plutons and
stocks of granite, (3) ring fracture-controlled
stocks and complexes, (4) lineament con-
trolled granite to gabbro complexes, and (5)
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high level plugs, vents, and diatremes
(Levingston, 1981; Hutton et aI., 1990). The
Mount Leyshon gold deposit south of Char-
ters Towers is hosted by such an approxi-
mately 290 Ma old intrusive breccia and
igneous complex (Wormald et aI., 1993;
Orr, 1994; Perkins and Kennedy, 1998).
Triassic and Cenozoic sedimentary rocks
occur in the western half of the Charters
Towers Region covering large parts of the
Seventy Mile Range Group. The Warang
Sandstone is Triassic and probably depos-
ited in a fluviatile setting (Levingston,
1981). The Campaspe Formation consists of
continent-derived fluviatile sandstone, peb-
bly sandstone, minor mudstone, and rare
conglomerate of Pliocene age. The Cam-
paspe Formation has a maximum thickness
of 120 m (Grimes, 1980; Henderson and
Nind, 1994). An episode of deep weathering
and ferricrete development followed the
deposition of the Campaspe Formation.
Basalt flows cover an area of about 7,500
km2 northwest of Charters Towers. They
originated from a number of individual
vents and flowed east to northeast. The lavas
consist of basanite, alkali basalt, nepheline
hawaiite, and hawaiite and formed between
5.2 Ma and 13,000 BP (Bain and Draper,
1997).
2.3 Seventy Mile Range Group
2.3.1 Stratigraphy
As presently understood, the Seventy Mile
Range Group consists of four conformable
stratigraphic formations, namely the Puddler
Creek Formation, the Mount Windsor For-
mation, the Trooper Creek Formation, and
the Rollston Range Formation. Detailed
stratigraphic descriptions of the four forma-
tions are given in Henderson (1986), Berry
et al. (1992), and Stolz (1995). Figure 2-3
shows the geology of the central part of the
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Seventy Mile Range Group as well as a
schematic stratigraphic section (after Large,
1992). This chapter follows the original
stratigraphic nomenclature of Henderson
(1986) closely, although recent regional
mapping revealed that the definitions of the
Mount Windsor Formation and the Trooper
Creek Formation may need to be revised
(Simpson, pers. comm. 1999).
The volcanic deposits described in the fol-
lowing sections are mainly located in areas
of fairly low-strain and low-grade metamor-
phism. Consequently, where original rock
types are recognisable, igneous and sedi-
mentary rock names are used without the
prefix'meta'.
PuddZer Creek Formation
The lowermost unit of the Seventy Mile
Range Group is the Puddler Creek Forma-
tion. This formation comprises a thick
(maximum 9,000 m) largely continent-
derived volcanic and sedimentary package
that is dominated by quartz- and lithic-
sandstone, greywacke, and siltstone. The
sandstone beds are poorly sorted and gener-
ally massive, locally graded, and are 5 cm to
2.5 m thick. They contain quartz, feldspar,
phyllite grains, and detrital white mica
(Henderson, 1986; Doyle, 1997). Basaltic to
intermediate volcanics occur subordinately
in the upper 500 to 200 m of the package
and are interpreted to be products of inter-
mittent volcanism preceding deposition of
volcanics of the overlying Mount Windsor
Formation (Berry et aI., 1992). The lithofa-
cies associations are consistent with a
probably below storm wave base submarine
depositional setting. Mafic sills and dikes
occur throughout the whole formation and
become more abundant toward the top of the
Puddler Creek Formation. Quartz- and
quartz-feldspar-porphyritic rhyolite dikes
and sills are abundant in the upper part of
the formation and are interpreted to be feed-
ers to the volcanic units within the Mount
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Windsor and Trooper Creek Formations
(Henderson, 1986; Berry et aI., 1992). The
extensive emplacement of intrusives that
belong to the Lolworth and Ravenswood
Igneous Complexes obscures the base of the
Puddler Creek Formation. Contacts to the
overlying Mount Windsor Formation are
sharp and conformable or faulted (Berry et
aI., 1992; Doyle, 1997).
Mount Windsor Formation
The Mount Windsor Formation consists of
massive coherent rhyolite and autoclastic
breccia forming domes and lavas (com-
monly 100 to 150 m thick), minor associated
volcaniclastic rocks as well as rare dacitic to
andesitic lavas and is occasionally intruded
by mafic sills and dikes. The Mount Wind-
sor FOlmation crops out extensively along
the belt forming a major line of ridges. The
maximum thickness of the formation is
3,500 m at Sunrise Spur and decreases to
about 300 to 400 m at Waddy's Mill (Figure
2-3). Henderson (1986) proposed that this
uneven thickness of the Mount Windsor
Formation was caused by a volcanic source
that was located at the eastern part of the
basin. In contrast, Doyle (1997) suggested
that the lavas and intrusions erupted from
separate intrabasinal vents distributed along
the length of the basin. The paucity of sedi-
mentary units within the formation implies
that the extrusive rocks formed rapidly from
adjacent vents and fissures causing a signifi-
cant topography that influenced the distri-
bution of sedimentary deposits (Doyle,
1997).
The evidence for the depositional environ-
ment of the Mount Windsor Formation is
generally inconclusive (Stolz, 1991). How-
ever, hyaloclastite associated with lavas
have been observed implying a subaqueous
environment of emplacement and resedi-
mented volcaniclastic units are indicative
for deposition from submarine sediment
gravity flows (Berry et aI., 1992). The Tha-
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langa VHMS deposit at the top of the Mount
Windsor Fonnation is partly hosted by vol-
caniclastic rocks that clearly accumulated
below stonn wave base in a submarine set-
ting (Berry et aI., 1992; Hill, 1996; Paulick
and McPhie, 1999). Doyle (1997) showed
that mass flow deposits at the base of the
overlying Trooper Creek Fonnation contain
rounded clasts that are petrographically
similar to coherent rocks from the Mount
Windsor Fonnation. These clasts were re-
worked in a high-energy environment prior
to redeposition, suggesting a subaerial to
shallow-marine source area. This implies
that parts of the Mount Windsor Fonnation
were subject to erosion at the initial stages
of deposition of the Trooper Creek Fonna-
tion (Doyle, 1997).
The contact between the Mount Windsor
Fonnation and the Trooper Creek Formation
is cUlTently defined by the change from the
rhyolitic-dominated volcanism to a dacitic
and andesitic-dominated volcanism
(Henderson, 1986). The presents of dacitic
volcanism in the Mount Windsor Fonnation
complicates this simple definition and the
contact between the Mount Windsor For-
mation and the Trooper Creek Fonnation is
not mappable in many areas (Simpson, pers.
comm. 1999). Moreover, quartz-porphyritic
coherent volcanic rocks are also present in
the Trooper Creek Formation. Although
these rocks are quartz-porphyritic, they have
consistently lower Si02 contents than it
would be expected for typical rhyolites
(Stolz, 1995).
Trooper Creek Formation
The overlying Trooper Creek Fonnation
consists of rhyolitic to basaltic lavas, intru-
sions, and associated volcaniclastic rocks, as
well as of a relatively thick sequence of
well-bedded mudstone and calcareous me-
tasediments. Quartz-hematite and magnetite
exhalites are abundant throughout the
Trooper Creek Fonnation (Duhig et aI.,
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1992). Andesitic dikes and sills may repre-
sent feeders for units higher in the succes-
sion (Berry et aI., 1992). The thickness of
the Trooper Creek Fonnation ranges from a
maximum of approximately 4,000 m in the
central part of the belt at Mount Windsor to
a minimum of about 500 m along the Tha-
langa range in the west. Apparent thickening
of the fonnation at Sunrise Spur and south
of Mount Windsor is probably a result of
structural repetition (Berry et aI., 1992). The
abundant occurrence of lavas, intrusions,
and related autoclastic breccia units as well
as the thickening of the sequence at Trafal-
gar Bore and Mount Farrenden suggests
proximity to major volcanic centres (Stolz,
1991; Berry et aI., 1992; Doyle, 1997).
On the base of a volcanological study in the
Highway-Reward-Trooper Creek Area,
Doyle (1997) subdivided the Trooper Creek
Formation into the Kitchenrock Hill Mem-
ber and the confonnably overlying Highway
Member. The Kitchenrock Member is com-
posed of volcaniclastic sandstone and brec-
cia units that are usually polymictic and
include subrounded to well rounded clasts.
Variations in the thickness of this member
possibly reflect palaeotopography on the
depositional surface of the underlying
Mount Windsor FOlmation. Van Eck (1994)
observed a similar lithology at Mount Far-
renden, 5 km to the west. The Highway
Member is characterised by rapid lithofacies
variations and contains syn-eruptive vol-
canic breccia to sandstone units, syn-
Figure 2-3: Generalised geological map of the Sev-
enty Mile Range Group between Waddy's Mill and
Sunrise Spur showing the distribution of the strati-
graphic fOffimtions and the locations of VHMS de-
posits and selected prospects: 1 Thalanga, 2 West 45
3 Liontown, 4 Highway-Reward, 5 Handcuff, 6
Waterloo, 7 Higbway East prospect, 8 Highway
South prospect, and 9 Trooper Creek prospect
(modified from Berry et al. 1992; Van Eck 1994;
Bain and Draper, 1997). The inset gives a simplified
stratigraphic section through the Seventy Mile
Range Group (modified from Large, 1992).
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sedimentary intrusions, lavas, and volcanic
mudstone.
The presence of andesitic pillow lavas, the
occurrence of peperite and hyaloclastite
associated with intrusions and extrusions in
the Trooper Creek Formation, fire-fountain
breccias with thick glassy margins on fluidal
clasts, and abundant quartz-hematite or
quartz-magnetite pods and lenses indicates a
subaqueous environment of deposition
(Berry et aL, 1992; Duhig et aL, 1992;
Doyle, 1997; Davidson et aL, 2001; Simp-
son and McPhie, 2001). The Trooper Creek
Formation is also host to a number of
VHMS deposits and prospects that possibly
formed in a submarine setting. Henderson
(1986) suggested that turbidites, suspension-
settled mudstone, as well as graptolite and
pelagic trilobite fossils of the Trooper Creek
Formation are indicative of a below storm
wave base, relatively deep marine environ-
ment. However, shallow-water facies have
recently been identified in the southern part
of the Trooper Creek prospect. Stromato-
lites, traction current structures indicative of
wave activity, and evaporitic minerals sug-
gest that the succession deposited above
storm wave base and possibly may even
been temporarily emergent (Doyle, 1997;
Doyle and McPhie, 2001). The results of
this study indicate that the water depths may
have varied spatially and temporally during
deposition of the Trooper Creek Fonnation.
Rollston Range Formation
The Rollston Range Formation represents
the youngest part of the Seventy Mile Range
Group and consists of volcanic-derived
sandstone and mudstone, but generally lacks
volcanic units. The occurrence of dacitic
lavas has been recognised by Berry et aL
(1992) southwest of Sunrise Spur and south
of Trafalgar Bore. The maximum strati-
graphic thickness is -1,000 m. Henderson
(1986) suggested that the graptolite and pe-
lagic trilobite fossils as well as the bedforms
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of the sediments are indicative of a deep
marine depositional environment. The top of
the Rollston Range Formation has not been
observed due to the extensive cover by
youuger sedimentary rocks.
2.3.2 Age relationships
The Seventy Mile Range Group is Cambro-
Ordovician and no essential age differences
have been noticed between the four con-
stituent formations. SHRIMP U-Pb dating
on zircons out of rhyolite lavas from the
Flinders Highway near Thalanga and the
Liontown Station (Mount Windsor Forma-
tion) yielded ages of 474.6 ± 5.1 Ma and
479.1 ± 4.6 Ma, respectively (perkins et aL,
1993). Wyatt et aL (1971) reported a whole
rock isochron Rb-Sr age of 510 ± 100 Ma
for this fonnation. SHRIMP U-Pb dating of
zircons out of a rhyolite lava near the Gy-
dgie prospect (base of the Trooper Creek
Fonnation) indicate an age of deposition of
468.0 ± 5.4 Ma (Perkins et aL, 1993). These
measured U-Pb dates on zircons from the
Seventy Mile Range Group may be to young
(by approximately 1.3 %) as the SHRIMP
dating relied on the SL 13 zircon standard
from Sri Lanka that is probably composi-
tional heterogeneous (Black et aL, 1997;
Cooper, 1999). A difference of 1.3 %
amounts to approximately 6 Ma in the
Lower Ordovician. Recalculated ages are
480 to 485 Ma and 474 Ma for the Mount
Windsor Formation and the Trooper Creek
Fonnation, respectively.
The age of the Seventy Mile Range Group is
also constrained by biostratigraphic data.
Graptolites in mudstone from the base and
the top of the Trooper Creek Fonnation be-
long to the Lancefieldian stage and, there-
fore, also indicate a Lower Ordovician age
of deposition. Graptolite and trilobite fauna
of the base of the Rollston Range Fonnation
are of Late Lancefieldian stage in the west-
ern part and of Bendigonian stage in the
eastern part of the belt. The youngest grap-
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tolites and trilobites in the Rollston Range
Formation are assigned to the Chewtonian
stage of the Lower Ordovician (Dear, 1974;
McClung, 1976; Henderson, 1983, 1986).
2.3.3 Structure
The structural development of the Seventy
Mile Range Group has been studied by
Henderson (1986), Berry (1989, 1991), and
Berry et al. (1992). These authors reported
three generations of folding (D! to D3) and
several generations of faulting. Doyle
(1997) locally observed an early bedding-
parallel foliation in compacted, phyllosili-
cate-altered pumice that has been interpreted
as a diagenetic compaction fabric or early
tectonic fabric possibly predating the de-
formation events reported by Berry et al.
(1992). Nevertheless, the nomenclature of
the regional structural study is used
throughout the present thesis.
Berry et al. (1992) noticed major syn-
depositional faults in the Mount Farrenden-
Highway-Reward area. Similar structures
were inferred to be responsible for structural
complications at Liontown and north of
Waterloo. This style offaulting resulted in a
rapid change of thickness in individual units
of the Mount Windsor Formation and the
Trooper Creek Formation, whereas the Roll-
ston Range Formation was not displaced by
these faults. These syn-depositional struc-
tures appear to have listric geometries. The
faults are in close association with hy-
drothermally altered zones suggesting that
they caused focused high temperature fluid
flow. A possible reconstruction of the cen-
tral part of the Seventy Mile Range Group is
shown in Figure 2-4.
Early south plunging F! folds were observed
in the Mount Sunrise area and are inter-
preted to be the result of an early thrust-
related folding event. Southerly dipping
faults with dextral displacement are re-
garded to be D! thrusts. No regional cleav-
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age has been recognised to be associated
with F! folds.
Berry et al. (1992) established that most of
the Seventy Mile Range Group is exposed in
a subvertical position as a south facing limb
of an E-W trending F2 fold. The dominant
S2 cleavage in the Seventy Mile Range
Group is axial plane to these folds. The
north-facing limb is currently only recog-
nised at Waddy's Mill. The fold hinge of the
regional-scale upright syncline possibly
crops out within the strongly foliated
Trooper Creek Formation of the northwest-
ern limit of the Thalanga Range. On the
base of a regional correlation, Berry et al.
(1992) suggested that D2 is of Mid to Late
Ordovician or younger age.
S3 is a second strong cleavage that has been
recognised widely in the Seventy Mile
Range Group but is very patchy in devel-
opment. Southeast of Highway, a major F3
anticline has been noticed that plunges mod-
erately to the southwest. The corresponding
syncline is cut out by a major fault. It has
been suggested that the S3 cleavage is in
close spatial relationship to steep south-side
up faults that strike 0400 to 0800 • Berry et
al. (1992) interpreted D3 to be in close rela-
tionship with the plutonic activities in the
Lolworth and Ravenswood Igneous Com-
plexes and suggested a Silurian-Devoruan
age of this event. Major deformation events
in the Seventy Mile Range Group during the
Ordovician and the Silurian to Early Devo-
nian are consistent with the growth model of
the orogenic system in eastern Australia
proposed by Wellman (1995).
Late minor faulting has been recognised by
Berry et al. (1992) throughout the belt.
Faulting is at a high angle to the stratigraphy
and a conjugate set offaults is parallel to the
bedding. In the Highway area a major fault
with an apparent sinistral offset of 500 m
has been identified that formed very late in
the deformation history.
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2.3.4 Metamorphic petrology
The Seventy Mile Range GIG.uP experienced
low- to moderate-grade regional metamor-
phism which ranges from prehnite-
pumpellyite facies in the eastern part of the
belt at Trooper Creek to greenschist facies
in the central portion of the belt at Highway-
Reward (Henderson, 1986; Berry et al.,
1992; Hutton et al., 1993). Farther to the
west at Trafalgar Bore and Thalanga, the
metamorphic grade increases through ac-
tinolite, hornblende, biotite, and andalusite
isograds to amphibolite facies at Waddy's
Mill. Contact metamorphic effects around
intrusions of the Lolworth and Ravenswood
Igneous Complexes have substantially over-
printed regional metamorphism. The over-
print resulted in hornblende homfels assem-
blages (Paulick and Franz, 200 I).
2.3.5 Plate tectonic setting
Models of the tectonic evolution of the Sev-
enty Mile Range Group have been presented
by Murray and Kirkegaard er 978),
Henderson (1986), Stolz (1994, 1995).
Murray and Kirkegaard (1978) interpreted
the volcanic-sedimentary belt as remnants of
a volcanic arc that was separated from the
Precambrian craton of the Georgetown Re-
gion to the n011h by a marginal sea.
Henderson (1986) proposed that the Seventy
Mile Range Group fonned in a Cambro-
Ordovician back-arc basin that developed on
stretched Precambrian continental litho-
sphere west of a continental margin volcanic
arc. According to Stolz (1995), the thickness
of the volcanic-sedimentary rocks (ap-
proximately 12 km) points to a syn-
depositional basin subsidence accompanied
accumulation similar to, e,g., the northern
Okinawa Trough were more than 8 km of
sediments and vo1canics accumulated since
the Miocene (Letouzey and Kimura, 1985).
Moores (199 I), Dalziel (199 I), Young
(1992), Brookfield (1993), and following
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Figure 2-5: Model of the tectonic development of the
Seventy Mile Range Group (Stolz, 1995).
workers have attempted to explain the origin
of the ancestral Pacific in terms of the
breakup of the Neoproterozoic Rodinian
supercontinent. It is now fairly well estab-
lished from geological and palaeomagnetic
evidence that East Gondwana (Austra-
lia/Antarctica) rifted off from western
Laurentia (and possibly South China) at
approximately 750 to 725 Ma resulting in a
passive margin along eastern Australia. The
breakup of East Gondwana from Laurentia
started the supercontinent reconfiguration
that resulted in the assembly of Gondwana
(Torsvik et aI., 1996; Unrug, 1996).
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During the Early Cambrian, a westerly dip-
ping subduction of oceanic crust was possi-
bly initiated beneath this passive margin at
the eastern margin of Australia (Stolz,
1995). Depending on the convergence rate
and subduction geometry, continental mar-
gin volcanism at the Lachlan-Thomson ac-
tive margin developed after a period of ap-
proximately 2 to 5 Ma from modification of
the mantle wedge by dehydration of the
subducting slab. Back-arc basin develop-
ment may have been initiated by extension
of the arc ultimately resulting in the deposi-
tion of volcanic-sedimentary belts such as
the Seventy Mile Range Group. Stolz (1995)
suggested that subsidence of the attenuated
continental lithosphere was followed ini-
tially by rapid deposition of the Puddler
Creek Formation sediments. A small volume
of basalt and andesite in the upper Puddler
Creek Formation was generated in response
to the lithospheric thinning. The increase of
the thermal gradient possibly resulted in
voluminous crustal melts that erupted as the
Mount Windsor Formation rhyolite and
dacite (Henderson, 1986; Stolz, 1995). Sub-
sequently, volcanics of the Trooper Creek
Formation formed from melting of mantle
sources variably modified by subduction
(Stolz, 1995). Volcanic activity decreased
during the Early Ordovician and deposition
of the Rollston Range Formation sediments
proceeded by reworking of older Trooper
Creek Formation material, but may also
contain detritus sourced from an active arc
(Henderson, 1986; Stolz, 1995). Figure 2-5
shows a model of the tectonic development
of the Seventy Mile Range Group.
Henderson (1986) proposed that the arc and
the back-arc basin were oriented north-south
between a palaeosubduction to the west and
a continental province to the east. According
to this author, the current east-west orienta-
tion of the Seventy Mile Range Group re-
sulted from disruption and folding during
magmatic activities in the Lolworth and
Ravenswood Igneous Complexes. However,
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Stolz (1995) noticed from sedimentological
observations in the Puddler Creek Forma-
tion that the arc may have been aligned par-
allel to the northeast to southwest oriented
Precambrian cratonic margin as inferred
from gravity and magnetic data and defined
by the Diamantina River Lineament
(Murray and Kirkegaard, 1978; Wellman,
1995).
A possible inter-regional relationship be-
tween the Seventy Mile Range Group, the
Balcooma Metavolcanics, and the Mount
Read Volcanic Belt has been invoked by
Henderson (1986) and Stolz (1995). Ac-
cording to Withnall (1988) and Withnall et
al. (1991), the approximately 7 km thick
volcanic-sedimentary succession of the Bal-
cooma MetavoJcanics is essentially identical
in age (478 to 471 ± 5 Ma) but of substan-
tially higher metamorphic grade (amphibo-
lite facies). Acid volcanics and volcaniclas-
tic rocks with only a small package of ande-
sitic rocks dominate the Balcooma Metavol-
canics. This volcanic-sedimentary succes-
sion is host to several small massive sul-
phide deposits (Huston, 1990; Huston and
Taylor, 1990; Huston et aI., 1992). Stolz
(1995) suggested that acidic volcanism in
the Balcooma area may have resulted from
partial melting of older crustal rocks in a
back-arc basin environment. Rock associa-
tions and relationships of the Mount Read
Volcanic Belt in Tasmania have been inter-
preted as being similar to that of the Seventy
Mile Range Group (Henderson, 1986).
4°ArP9Ar and U-Pb zircon (SHRIMP) ages
(Perkins et aI., 1995) indicate that the Mount
Read Volcanic Belt is slightly older than the
Seventy Mile Range Group and correlation
between the two areas is hampered by their
location at the southern and northern ex-
tremities of the Tasman Fold Belt System,
respectively (Figure 2-1). The structural
history of the Mount Read Volcanic Belt is
substantially more complex than that of the
Seventy Mile Range Group and a back-arc
depositional environment is not likely for
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the Mount Read Volcanic Belt (Berry and
Crawford, 1988; Crawford and Berry,
1992). Fragmentary pre-Bendigonian vol-
canic associations in the Lachlan Fold Belt
in New South Wales have also been consid-
ered to indicate that the eastern margin of
Australia was characterised by active sub-
duction associated with periods of extension
during the Middle Cambrian to Lower Or-
dovician (Henderson, 1986).
2.3.6 VHMS deposits and prospects
All currently recognised VHMS deposits
and prospects are part of the Trooper Creek
Formation implying a stratigraphic control
on mineralisation (Stolz, 1995). Base metal
mineralisation in the Seventy Mile Range
Group occurs at three distinct stratigraphic
levels: at the top of the Mount Windsor
Formation (Thalanga-West 45 horizon), in
the central unit of the Trooper Creek For-
mation (Waterloo horizon), and in the upper
unit of the Trooper Creek Formation (Lion-
town-Highway/Reward horizon).
Large (1991) proposed that the major
growth faults represent graben margin
faults. His suggestion was based on the fact
that the syn-depositional faults in the
Trooper Creek Formation appear to mark
the boundaries of the two major volcanic
centres at Trafalgar Bore and Mount Farren-
den. The base metal deposits appear to be
concentrated in the hanging wall of these
major syn-depositional normal faults (Figure
2-4).
The massive sulphide accumulations of the
Seventy Mile Range Group have been the
focus of a number of deposit specific studies
(Gregory et aI., 1987, 1990, 1993; Kay,
1987; Beams et aI., 1989, 1990, 1998;
Beams and Hartley, 1990; Galloway, 1991;
Mulholland, 1991; Berry et aI., 1992;
Beams, 1993; Huston et aI., 1995; Doyle,
1994,1998,2001; Doyle and McPhie, 1994,
2000; Herrmann, 1994; Hill, 1996; Miller,
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1996, 1998a,b; Paulick and Hennann, 1998;
Doyle and Huston, 1999; Paulick and
McPhie, 1999; Herrmann and Hill, 2001;
Paulick and Franz, 200 I; Paulick et al.,
2001; Miller et al., 2001). The characteris-
tics of the three largest deposits are summa-
rised in the following sections (see also Ta-
ble 2-1).
The belt's largest known VHMS deposit is
Thalanga that is located at the contact be-
tween the Mount Windsor Fonnation and
the overlying Trooper Creek Fonnation. The
deposit comprises several steeply dipping,
semiconnected stratifonn, blanket-like,
sphalerite-pyrite-chaicopyrite massive sul-
phide lenses that overlie a sequence that is
dominated by variably altered rhyolitic
quartz- and/or feldspar-porphyritic lavas and
syn-volcanic intrusions. Mass flow-
emplaced, rhyolitic breccia units within the
footwall delineate palaeo-seafloor positions.
The massive sulphide lenses occur within a
distinctive facies association that includes
coarse quartz phenocryst-rich rhyolite sills
and quartz-feldspar crystal-rich volcaniclas-
tics. The hanging wall is characterised by
dacitic lavas and syn-volcanic intrusions,
minor dacitic pumice breccia, dacitic brec-
cia, and polymictic volcanic breccia
(Gregory et al., 1993; Hill, 1996; Paulick
and Hennann, 1998; Paulick and McPhie,
1999). According to these authors, the facies
architecture shows that the Thalanga deposit
fonned in a below stonn wave base subma-
rine depositional environment. Gregory et
al. (1990) suggested that the massive sul-
phide ore bodies fonned syn-genetic to the
enclosing volcanic facies. Hill (1996) con-
finned the syn-genetic origin but concluded
that the massive sulphide ore predominantly
originated by sub-seafloor replacement pro-
cesses. Mining of the Thalanga deposit from
1990 to 1998 yielded 4,707,607 t ore. The
total mineral resources (including past pro-
duction and in-ground resources) are esti-
mated to be 6.6 Mt at 1.8 % Cu, 8.4 % Zn,
2.6 % Pb, 69 g/t Ag, and 0.4 g/t Au (Paulick
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and McPhie, 1999). The much smaller West
45 deposit occurs approximately I km to the
west of the Thalanga deposit within coarse
quartz-feldspar crystal-rich volcaniclastics
overlying rhyolites of the Mount Windsor
Fonnation (Miller et al., 2001).
The Liontown deposit occurs close to the
contact of the Trooper Creek Fonnation
with the overlying Rollston Range Fonna-
tion. The deposit comprises three stratifonn,
tabular lodes that fonned from exhalation of
hydrothennal fluids onto the seafloor or by
near seafloor replacement processes. These
mineralised zones occur within a white
mica-quartz-pyrite altered siltstone unit that
is underlain by quartz-white mica-pyrite
altered mass flow pumice breccia units of
dacitic composition. A significant Cu-Au
stringer zone is present below the stratifonn
lodes. The footwall pumice breccia units are
host to a cigar-shaped massive to semi-
massive sphalerite-galena-pyrite body that
developed approximately 30 to 50 m below
the seafloor position. The hanging wall of
the Liontown deposit is a succession of
quartz-white mica-pyrite altered siltstone
and arenite of probably rhyolitic prove-
nance, carbonaceous black shale and feld-
spar-porphyritic dacite lavas. These lavas
are located 100 to ISO m above the strati-
form base metal lodes. The deposit probably
formed in a fairly shallow-marine environ-
ment in temporal association with a change
in the provenance of the volcaniclastic
sediments from a dacitic to a rhyolitic vol-
canic source (Miller, 1996, 1998b). Mining
at the Liontown deposit has been conducted
in the periods of 1905 to 1911 and 1951 to
1961 (Levingston, 1972). The total geologi-
Figure 2-6: Geology of the Waterloo area, base
metal prospects and deposits, as well as location of
exploration drill holes (modified from Stolz, unpubl.
aud Kendall, unpubl.).
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Table 2-1: Tonnage and grade of primary resources, deposit style, and ore mineralogy of VHMS deposits hosted
by the Seventy Mile Range Group.
Deposit Tonnes Cu Zu Ph Ag Au Deposit style Ore Mineralogy
(I) (%) (%) (%) (gll) (gll)
Thalanga 6,600,000 1.8 8.4 2.6 69 0.4 Blanket-like massive Sp, py, gn, ccp, minor mgt, tet, apy,
sulphides and traces ofpo, bis, rt, bi, mo, cc,
el, ag, and ae
Liontown 1,800,000 0.48 6.16 2.2 29 0.9 Blanket-like massive Sp, py, minor gn and ccp
sulphides & dissemi-
nated sulphides
Highway 1,200,000 5.5 6.5 1.2 Pipe-like massive Py
sulphides
Handcuff 1,000,000 0.6 10.0 0.4 8 0.2 Multiple lenses of Sp, py, minor ccp and gn
blanket-like massive
sulphides
Magpie 250,000 2.0 15.0 2.0 30 1.0 Stacked lenses of blnn- Sp, py, gn, ccp, minor po, mgt, and
ket-Iike massive sui- rn,
phides
Waterloo 243,500 3.8 13.8 3.0 7. 1.2 Blanket-like massive Sp, py, ccp, minor gn and ten, and
sulphides tmces oral, apy, bn, he, rI, el, ca, and
p'
West 45 225,000 0.97 14.14 5.97 127 0.63 Blanket-like massive Sp, gn, ccp, and py
sulphides & semi·
massive sulphides
Reward 200,000 3.5 13 1.0 Pipe-like massive Py, ccp, sp, gn, traces ore!
sulphides
Notes: Sources are Mulholland (1991), Berry et al. (1992), Beams and Dronseika (1995), Miller (1996), Shep-
herd (1998), Doyle and Huston (1999), Paulick and McPhie (1999), and Miller et al. (2001). Ac ~ acanthite, ag ~
native silver, al = altaite, apy = arsenopyrite, bi = native bismuth, bis = bismuthinite, bn = bomite, ca =
calaverite, cc = chalcocite, ccp = chalcopyrite, el ::::: electrum, gn = galena, he = hessite, ma = marcasite, mo =
molybdenite, mgt = magnetite, pe = petzite, po = pyrrhotite, py = pyrite, rt:= rutile, sp = sphalerite, ten = tennan-
tite, tet = tetrahedrite, - = no infonnation.
cal reserves are currently estimated to be 1.8
Mt at 0.48 % Cu, 6.16 % Zn, 2.2 % Pb, 29
g/t Ag, and 0.9 g/t Au (Miller, 1996).
The currently mined Cu-Au-rich Highway-
Reward deposits are hosted by dacitic to
rhyolitic syn-sedimentary sills, intrusive and
partly extrusive cryptodomes, associated
autoclastic deposits, and volcaniclastic rocks
of the Highway Member (Trooper Creek
Fonnation). The majority of the dacite and
rhyolite in the immediate deposit area are
entirely intrusive. They have steep margins
and are separated from neighbouring intru-
sions by thin intervals of peperite, siltstone,
crystal-lithic breccia, or pumice breccia.
Smaller intrusions are commonly sand-
wiched between larger cryptodomes (Doyle,
1998,2001; Doyle and Huston, 1999; Doyle
and McPhie, 2000). The deposits consist of
sub-vertical pipe-like bodies of massive
pyrite-chalcopyrite. The Highway pipe is a
NE trending, chalcopyrite-rich massive py-
rite body that is approximately 175 m long.
Most of the resource within the oxidised
zone of Highway has been mined in open
cut between 1986 and 1988. Highway is
located approximately 200 m NNW from
the Reward mineralised zone that consists of
one main and several smaller subvertical,
NNE trending, massive pyrite pipes. The
main pipe is 100 m by 150 m in plan and up
to 250 m thick. The Reward deposit also
contains a lens of stratabound massive py-
rite-sphalerite-chalcopyrite and barite that is
closely associated with volcaniclastic mass
flow units in the hanging wall of the main
pipe (Doyle, 1994, 1997; Doyle and
McPhie, 1994, 2000; Beams et aI., 1998;
Doyle and Huston, 1999). These authors
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interpreted the massive sulphide pipes as
primarily sub-seafloor syn-volcanic re-
placements of the host rocks and suggested
that the stratabound lens formed by sub-
seafloor replacement within the hanging
wall volcaniclastic rocks. However,
40Ari9Ar dating on two altered micaceous
samples from Reward yielded apparent ages
of ca. 420 to 440 Ma indicating a possible
Silurian overprint related to the emplace-
ment of granites in the Ravenswood Igneous
Complex or, alternatively, a Silurian miner-
alising event (Perkins et aI., 1993). The
Highway deposit has a primary resource of
1.2 Mt at 5.5 % Cu, 6.5 g/t Ag, and 1.2 glt
Au. The main pipe of Reward contains 5 Mt
of massive pyrite, but only 0.2 Mt of this
body contain significant grades of 3.5 % Cu,
B glt Ag, and I glt Au.
2.4 Waterloo VHMS deposit
2.4.1 Local geological setting
The Waterloo deposit is located 40 km SSW
of Charters Towers and about 8 km east of
the Reward open pit on the Liontown station
within lease EPM 10582 (Figure 2-6). The
physiography of the area is dominated by an
east-west trending range that lies 300 to 580
m above sea level. The range mainly con-
sists of rhyolite belonging to the Mount
Windsor Formation. The Waterloo deposit is
situated to the south of the range within an
extensive plain that is covered by semi-arid
woodlands, and cut by shallow creeks and
streams.
In the Gydgie area, the transition from the
Mount Windsor Formation in the north to
the Trooper Creek Formation in the south
has been inferred to occur at a contact be-
tween rhyolite and an overlying pod of
quartz-magnetite and a plagioclase-
porphyritic dacite (Figure 2-6). The Trooper
Creek Formation in this area is characterised
by weak hydrothermal alteration. The al-
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teration is more intense in the vicinity of the
Gydgie Central prospect that is located
about 4 to 5 km east along strike from the
Waterloo deposit (Stolz, 1989). In contrast
to the Gydgie area, the Trooper Creek For-
mation is not exposed in the Waterloo area
due to 10 to 25 m of sedimentary cover be-
longing to the Campaspe Formation. The
volcanic-sedimentary host rocks of the de-
posit are extensively oxidised down to a
depth of approximately 65 to 90 m below
surface.
In the past decades, extensive exploration
drilling was carried out at the Waterloo de-
posit and at adjacent prospects (Figure 2-6).
It has been established that the massive sul-
phides of the Waterloo deposit occur at or
near a subvertically dipping contact of in-
tensely altered and schistose rocks (strati-
graphic footwall to the north) with weakly
to moderately altered volcaniclastic rocks
(stratigraphic hanging wall to the south).
Barite lenses of the Agincourt prospect as
well as a disseminated sulphide-rich zone of
the Windsor Creek prospect are located
along strike to the west (Figure 2-6). These
prospects are inferred to represent distal
parts of the Waterloo hydrothermal system
(Huston et aI., 1995; Stolz, 1998). The Wa-
terloo-Agincourt-Windsor Creek hydro-
thermal system appears to be terminated
quite abruptly along strike to the east and
west. Therefore, Stolz (1998) suggested that
the hydrothermal activities occurred within
a discrete basin bounded by growth faults.
2.4.2 Exploration history
The initial interest in the area of the Water-
loo deposit was generated by the discovery
of hydrothermally altered rocks in a small
outcrop in the Windsor Creek that is located
300 m east of the deposit during regional
drainage sampling and geological mapping
by Penarroya (Australia) Pty Ltd. (Gregory,
1981). In 1981, the hydrothermally altered
zones were tested by drilling a number of
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Table 2-2: Collar coordinates of the diamond drill
holes and end ofholes.
Hole Collar coordinates End of
Northing (mN) Ellstlng (mE) holes (m)
WTI 19,691.5 19,792.0 92.00
WTlA 19,691.5 19,792.0 123.50
WT2 19,693.5 19,792.0 475.55
WT3 20,020.0 19.613.0 241.90
WT4 19,823.0 19,800.0 81.00
WT5 19,823.5 19.799.5 235.60
WT6 19,810.0 19,373.5 185.30
WT7 19,989.5 19,990.5 214.60
WT8 19,840.5 19,898.0 224.00
WT8A 19.840.5 19,898.0 250.15
WT9 20,025.0 19.800.0 124.50
WT9A 20,025.0 19,800.0 270.50
WTlD 19,830.0 19.696.5 214.05
WTII 19,940.0 19,792.5 85.40
WTll 19,819.0 19.696.5 299.75
WTI3 19,759.0 19,373,0 288.30
WTI4 19,990.0 19,900.0 166.20
WTI5 19,964.0 19,700.0 102.50
WTI6 20,100.0 19.900.0 358.25
WTi7 19,971.0 19,700.0 147.50
WTl8 20,026.0 19,601.5 337.40
WTl9 19,938.0 19,280.0 189.00
WT20 19,962.0 19,500.0 207.50
WTll 20,008.0 19,280.0 340.60
WT22 20,031.5 19,500.5 333.50
WTZ3 19,705.0 19,702.0 509.25
WT24 19,655.0 19,502.0 542.00
WT25 19,709.0 19,902.0 4&&.10
WT26 20,00&.0 19,745.5 243.50
WT27 19,980.0 19,750.0 149AO
WT29 19,985.0 19,&40.0 159.00
WT30 20,045.0 19,&40,0 165.30
WT31 19,9&5.0 19,&00.0 279.00
WT32 19,800.0 19,800.0 26[AO
WT33 19,760.0 19,&00.0 90.00
WT33A 19,75&.0 19,800.0 339.30
WT34 19,&35.0 19,800.0 96.00
WTJ4A 19,830.5 19,760.0 188.70
WTJ5 20,065.0 19,760.0 321.00
WT36 19,989.0 19,723.0 195.20
Notes: Collar coordinates are given in metres with
respect to the local mine grid. End of holes are meas-
ured in metres down hole.
rotary air blast (RAB) drill holes. The geo-
chemical data obtained indicated the pres-
ence of high base metal contents in this
zone. The best one meter intersection re-
ported for the most westerly part of the de-
posit was 0.12 % Cu, 1.08 % Zn, and 0.48
% Pb. The Waterloo area was included into
a further RAB drilling program in 1984.
Diamond drilling was carried out between
1985 and 1987 to evaluate the obtained bed-
rock base metal anomalies, In total, 29 dia-
mond drill holes were completed for
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7,371.40 m core (WTJ to WT26) by Penar-
roya (Australia) Pty Ltd. In 1988, Panconti-
nental Pty Ltd. and its joint venture partner,
Outokumpu Oy, completed 13 reverse cir-
culation (RC) drill holes (WTRC I to 13)
for 1,208 m to test for a potential gold re-
source within the oxidised zone of the de-
posit. A resultant inferred gold resource of
46,000 t at 3.89 g/t Au was delineated in the
oxidised zone using a I g/t Au cut-off. In
addition, one diamond hole (WT27) for
149.40 m core was drilled in the mineralised
zone below the base of oxidation. A geo-
logical resource of 372,000 t at 3.8 % Cu,
19.7 % Zn, 2.8 % Pb, 94 g/t Ag, and 2 g/t
Au was inferred at the Waterloo deposit.
RGC (Thalanga) Pty Ltd. conducted a fur-
ther diamond drilling program at Waterloo
in 1997. In lotal ten holes (WT29 to WT36)
were drilled for 2,094.90 m, The diamond
drilling revealed a poor continuity of the
grade and width of the ore intercepts be-
tween adjacent drill holes that may result
from primary deposition and/or structural
modification. The tonnage of the Waterloo
deposit was estimated to be 243,500 t at 3.8
% Cu, 13.8 % Zn, 3.0 % Pb, 74 g/t Ag, and
1.2 g/t Au (Shepherd, 1998). This small but
high-grade resource may be mined in an
open pit for utilisation as truckable mill feed
to the plant at the nearby Thalanga mine,
However, because of difficult ground con-
ditions the deposit can be mined economi-
cally only if further drilling proves the ex-
istence of a larger resource (Miller, pers.
comm. 1999).
Figure 2-7: Plan view of the Waterloo deposit giv-
ing the diamond drill hole locations and surface
projections of the drill hole traces. The boundaries of
the major geological units shown are projected from
200 m RL to surface. Note that the 20,000 mN base
line of the local mine grid has a bearing of 0680
magnetic.
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2.4.3 Drill hole coverage
Initially, a local mine grid has been estab-
lished in the Waterloo area on the basis of a
20,000 mN baseline that has a bearing of
0680 magnetic and a ground surface eleva-
tion of approximately + 320 m RL. The
baseline was marked at 100 m spacing with
star pickets along the main access track into
the deposit. In 1997, the baseline was in-
filled with 20 m wooden stakes between
19,900 mE and 19,600 mE.
The volcanic host rocks have a strike that is
close to the orientation of the base line and
have a subvertical dip. Diamond holes were
drilled at an initial dip of _600 from the
stratigraphic footwall (in the north) and the
hanging wall (in the south) of the mineral-
ised zones to give maximum coverage of the
host rocks, the footwall altered zones, and
the ore bodies. Diamond drilling at the Wa-
terloo deposit was conducted over a strike
length of approximately 700 m from 20,000
mE to 19,300 mE with a maximum depth of
about -100 m RL. The collar coordinates
were determined with an accuracy of ± I m.
The core recovery was usually close to or
equal to 100 %. The drill hole details are
summarised in Table 2-2.
A plan view of the Waterloo deposit show-
ing the drill hole locations as well as the
drill hole traces is given in Figure 2-7 along
with the local mine grid. The deposit is sub-
divided into Waterloo West, Waterloo Cen-
tral, and Waterloo East (Figure 2-7). The
local mine grid is used for reference
throughout the present thesis. It is important
to note that the grid north is neither identical
to topographic north nor to magnetic north.
The declination in the area is 0070 24'.
2.4.4 Lithostratigraphy
The diamond drill core represents the only
direct source of geological information be-
cause the volcanic-sedimentary rocks host-
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ing the Waterloo deposit are not exposed in
surface outcrop and because the RC holes
usually did not penetrate the oxidised zone
overlying the fresh wall rocks. In the present
thesis, the stratigraphic interval known from
drilling is referred to as the Waterloo se-
quence. The Waterloo sequence is subdi-
vided into a footwall sequence, the ore hori-
zon, and a hanging wall sequence. Litholo-
gies belonging to the footwall and hanging
wall sequences immediately adjacent to the
ore horizon are collectively referred to as
the favourable horizon.
The lithostratigraphy of the Waterloo se-
quence has previously only been described
by Huston et al. (1995). These authors found
that the footwall sequence of the deposit
consists mainly of silicic- and phyllic-
altered rocks that are underlain by relatively
unaltered massive to vesicular andesitic
lavas with local 0.5 to 2 m wide zones of
phyllic alteration. The hanging wall se-
quence of the Waterloo deposit was de-
scribed as a package of felsic volcaniclastic
rocks, greywacke, argillite, and chert that is,
in turn, overlain by massive andesite.
2.5 Summary
The Waterloo VHMS deposit is located in
northern Queensland within the Cambro-
Ordovician Seventy Mile Range Group. The
volcanic-sedimentary rocks of the Seventy
Mile Range Group form a 165 km long belt
with a combined stratigraphic thickness of
12 km forming four conformable strati-
graphic formations. These four formations
formed at different stages of back-arc devel-
opment behind a continental margin vol-
canic arc at the eastern margin of the Aus-
tralian continent. All known massive sul-
phide deposits occur in the central part of
the Seventy Mile Range Group within the
Trooper Creek Formation. In contrast to
other stratigraphic intervals, the Trooper
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Creek Fonnation fonned by melting of
mantle sources variably modified by sub-
duction. The Trooper Creek Fonnation con-
sists of rhyolitic to basaltic lavas, intrusions
and associated volcaniclastic rocks that de-
posited in a submarine environment. The
apparent stratigraphic control on the mas-
sive sulphide formation in the Seventy Mile
Range Group suggests that the deposit for-
mation was genetically linked to mantle-
derived volcanism. In addition to the fact
that the massive sulphides only occur in the
Trooper Creek Formation, the deposits ap-
pear to be limited to three distinct strati-
graphic positions within the mantle-derived
basalt-andesite-dacite-rhyolite volcanic
rocks of the Trooper Creek Formation. The
location of the base metal deposits has been
proposed to coincide with the position of
graben margin faults marking the bounda-
ries of major volcanic centres.
The Waterloo deposit represents a base
metal resource of 243,500 tonnes ore grad-
ing 3.8 % Cu, 13.8 % Zn, 3.0 % Pb, 74 g/t
Ag, and 1.2 g/t Au. The volcanic rocks
hosting the deposit are not exposed in sur-
face outcrop due to a thick cover of Ceno-
zoic fluviatile sedimentary rocks. Thus, the
-10 km of exploration diamond drill core
represents the only direct source of geologi-
cal infonnation. A previous study carried by
Ruston et a!. (1995) established that the
massive sulphides occur at or near the sub-
vertical contact between intensely silicic-
and phyllic-altered rocks in the footwall
position and felsic volcaniclastic rocks in
the hanging wall position.
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3 MATERIALS AND METHODS
3.1 Introduction
As outlined in the preamble, the present
thesis aims to reconstruct the relationship
between volcanism and massive sulphide
forming hydrothermal activities at Waterloo
by integrating detailed field observations
with the results of geochemical and min-
eralogical studies. Details on the applied
analytical and microscopic methods as well
as the materials used are given in the present
chapter.
3.2 Field investigations and sampling
Initially, the -10 km of diamond drill core
were re-logged. Graphic logging was carried
out to determine the distribution of the vol-
canic facies and to collect information on
the different alteration styles and intensities.
Moreover, the positions of faults were re-
corded and -250 orientation measurements
of structural elements were taken. Summary
graphic logs and drill core cross sections
were prepared using the field data (Appen-
dix A and B).
Representative sampling of the volcanic
facies types and alteration styles was carried
out. Approximately 250 half core samples
were taken at 15 to 30 m intervals from se-
lected drill holes. Within the favourable
horizon and lower part of the hanging wall
sequence, samples were taken at 5 m inter-
vals to allow detailed petrographic, geo-
chemical, and mineralogical investigations
of the hydrothennally altered wall rocks.
Sample identification was based on the re-
spective drill hole labels and the positions of
the sample measured in metres down hole.
A hand specimen of each sample was cata-
logued and permanently stored for reference
at the School of Earth Sciences at the Uni-
versity ofTasmania.
3.3 Analytical strategy
Off-cuts of all samples were used to prepare
polished thin sections. The drill core mate-
rial (-2 kg) was then crushed using a hy-
draulic crusher and rock chips containing
I WIIQLE ROCK SAMPLES I
--I Petrographic investigations I
H Petrographic description Iofhand specimen
H Optical Imicroscopy
H Clllhodolumincsccncc Imicroscopy
H Scanning electron Imicroscopy
H Gcochcmical investigations I
H Major and truce clement analysis by IX-ray fluorescence analysis
-1 Determination of~c loss on ignition I
by gravimetry
H Determination of the lolal carbon Icontent by the LeCD technique
Y Trace clement analysis by inductively I
coupled plasma-mass spcctromclry
H Mineralogical phase investigations I
H Qualitative and quantitative phase Ianalysis by X-ray diffraction
-1 Mica crystal chcmislfy invl;Stigations I
by X·ray diffraction
-i Determination of the mica ehemislfy I
by electron microprobe analysis
Figure 3-t: Analytical strategy applied in the pres-
ent thesis.
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visible vein material or amygdales were
removed. Subsequently, the sample was
split using a riffle splitter and a sub-sample
(-300 g) was pulverised to analytical finesse
in a tungsten-carbide disc mill.
Hand specimens and thin sections were used
for petrographic investigations. The whole
rock powders were utilised for the determi-
nation of the concentration of major and
trace elements and for mineralogical phase
analysis. In addition, X-ray diffraction in-
vestigations and electron microprobe analy-
ses were conducted on selected micaceous
samples. The analytical strategy applied in
the present thesis is outlined in Figure 3-1.
3.4 Petrographic investigations
The texture and mineralogy of the volcanic
rocks sampled from the Waterloo sequence
were studied in hand specimen and in thin
section (Appendix C). The thin section in-
spection was carried out by combining con-
ventional optical microscopy with cathodo-
luminescence (CL) investigations, and scan-
ning electron microscopy (SEM).
Optical microscopy was conducted under
plain polarised light (PPL) and crossed po-
larised light (CPL). The CL microscopy was
carried out on the polished and carbon-
coated thin sections by means of the hot-
cathode CL microscope HCl-LM (Neuser,
1995) at 14 kV using a beam current of -10
/lA/mm2 and an operating vacuum of
<1.3'10-4 Pa. Images were captured on-line
during the CL operation utilising an adapted
digital video-camera. The CL examinations
were conducted at the Mineralogy Depart-
ment at the Freiberg University of Mining
and Technology. SEM investigations on
selected polished and carbon coated thin
sections were conducted on a leol JEM
6400 SEM at the Geology Department at the
Freiberg University of Mining and Technol-
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ogy. The SEM was equipped with a Tracor
(Noran) series II energy-dispersive X-ray
(EDX) spectrometer with a light element Si
(Li) detector. The SEM was operated at 20
kV and a beam current of 0.6 nA. High-
resolution secondary electron and back-
scattering electron (BSE) images were col-
lected at up to 25 kV and 2 nA.
3.5 Geochemical investigations
Major and trace element analysis of least
altered and hydrothermally altered whole
rock samples was performed by X-ray fluo-
rescence (XRF) analysis. The loss on igni-
tion (LOI) was routinely measured by gra-
vimetry to complete the major element data
obtained by XRF. The total carbon content
of the samples was determined by the Leco
technique. Selected trace elements difficult
to detect by XRF analysis were measured by
inductively coupled plasma-mass spec-
trometry (ICP-MS). The obtained data are
summarised in Appendix D.
3.5.1 X-ray fluorescence spectrometry
Sample preparation and XRF analysis of the
powdered whole rock samples was carried
out at the School of Earth Sciences at the
University of Tasmania using the methods
described in the following sections.
Sample preparation and measurement
Fused beads have been prepared for the
major element analysis. The preparation
procedure of the fused beads depended on
the sulphide content of the samples. Sam-
ples containing no or very low amounts of
sulphides were prepared in the following
way: 0.7700 g sample powder and 4.1250 g
Norrish Flux (mixture of dilithium tetrabo-
rate, lithium carbonate, and lanthanum oxide
giving a glass with a Li20:B20 3 ratio of 3:2)
were weighed, placed in a platinum (5 wt.%
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Au/95 wt.% Pt) crucible, and mixed. 91 fll
of 60.6 % LiN03 solution were added to
ensure oxidising conditions during fusion.
The sample was then fused at I, I00 QC for
10 min in a Fusilux® fusion bead casting
machine and subsequently poured into a
platinum gold mould. The mould was
slowly cooled in a constant air stream to
avoid breakage of the glass disc during
cooling.
Beads of samples containing sulphides or
barite were prepared by mixing 0.7700 g
sample with 3.7125 g Norrish Flux. Subse-
quently, I ml of 38.5 % LiN03 solution was
added. The crucible was then pre-ignited at
700 QC for 10 min in a muffle furnace to
oxidise the sulphides prior to fusion. The
remaining procedure for preparation of the
fused beads was identical to that of the sam-
ples with no or very low amounts of pyrite.
Ore samples (>30 % Fe203) were prepared
as follows: 0.4000 g sample powder were
mixed with 4.1210 g 12/22 Flux (mixture of
lithium tetraborate and lithium metaborate).
I ml of 60.6 % LiN03 solution was added
and the crucible was preheated at 700 QC for
10 min in a muffle furnace prior to fusion.
The fused beads were prepared as outlined
above.
Standard pressed pills were prepared for
trace element analysis (Norrish and Chap-
pell, 1977). The pills were obtained from 10
g sample powder at a pressure of 3.5 t/cm2.
PVP-MS was utilised as a binder material.
Major and trace element analysis was per-
formed using a Philips PW 1480 sequential
X-ray spectrometer with a Philips 30 posi-
tion sample holder and the provided Philips
X40 software. The major elements were
analysed on the fused beads using a 3 kW
side-window ScMo dual target tube. The
trace element concentrations were deter-
mined on the pressed pills utilising a 3 kW
side-window ScMo dual target tube and a 3
kW side-window Au tube. Calibration was
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carried out using pure element oxides in
pure silica matrix, along with international
and Tasmanian standard rocks. The detec-
tion limits of the method are given in Ap-
pendix D.
Validation ofthe analytical method
To monitor the level of contamination re-
sulting from the fusion procedure, standard
fused beads of pure Si02 were prepared and
measured. Pure quartz was mixed with 10
wt.% pure Fe203 prior to the fusion to avoid
breakage of the beads during cooling. Blank
levels of the trace elements were also regu-
larly observed by measuring pressed pills of
pure Si02• Measurement of all blanks were
carried out under routine operating condi-
tions. The determined blank levels revealed
that contamination introduced during sample
preparation can be neglected.
The accuracy and precIsIOn of the XRF
analyses were monitored by independent
replicate analysis of international and in-
house reference materials (AOV-I, BrR-I,
OSS-5, OXR-2, OXR4, ROM-I, TASBAS,
TASDIOR, TASMONZ, and TASORAN).
Table 3-1 shows the calculated mean values,
standard deviations (SDs), relative standard
deviations (%RSDs), and 95 % confidence
intervals calculated for two selected refer-
ence materials along with the respective
recommended values. The precision of the
method was typically below 5 %RSD. The
accuracy of the XRF determinations was
found to be excellent (Table 3-1).
3.5.2 Gravimetry
The LOI of the samples was determined at
the School of Earth Sciences at the Univer-
sity ofTasmania in the following way.
Cleaned and dried platinum crucibles were
weighed accurately and -I g sample was
added and weighed again. The crucible was
then heated at 1,000 QC for 12 hours within
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Table 3~1: Major and trace element concentrations of the in-house reference materials TASBAS and TASGRAN
detennined by XRF.
TASBAS TASGRAN
Rce. value This studyThis study
it SO %RSD ±X n x x SD %RSD ±i n
Rce. value
i
Si02 wL%
Ti02
AhOJ
Fc20J
MnO
MgO
c,o
Na20
K,O
P20s
S
Scppm
V
C,
Ni
C,
Zn
As
Rb
Sr
y
Zr
Nb
Bn
Ln
C,
Nd
Pb
Bi
Th
44.44
2.32
14.07
12.66
0.17
8.32
7.86
5.40
1.93
0.94
0.04
14
152
180
149
64
116
<3
16
1,007
21
259
54
194
45
86
40
4
<2
5
0.305
0.017
0.\01
0.079
0.002
0.045
0.034
0.041
0.016
0.015
0.003
0.4
5.5
1.1
0.7
0.5
0.6
0.2
4.6
OA
2.6
0.5
3A
2.1
2.2
1.5
0.8
0.8
0.7
0.7
0.7
0.6
lA
0.5
OA
0.8
0.8
0.8
7.7
2.6
3.6
0.6
OA
0.8
0.5
1.0
0.5
1.9
1.0
0.9
1.7
4.8
2.6
3.8
19.8
17.0
0.147 19
0.008 19
0.048 19
0.038 19
0.001 19
0.022 19
0.017 19
0.020 19
0.008 19
0,004 19
0.002 19
0.2 11
3.7 11
0.7 11
0.5 10
0.4 10
0.4 10
10
0.1 10
3.1 11
0.3 10
1.7 11
0.3 11
2.3 11
lA J I
1.5 11
1.0 11
0.6 10
10
0.6 10
44.54
2.32
14,17
12.64
0.17
8.31
7.84
5,42
1.94
0.94
14
150
185
150
63
116
<3
16
1,008
21
259
55
188
45
86
41
5
<2
5
72.88
0.28
13.67
2.26
0.04
0.68
1.84
2.78
4.60
0.11
<0.01
7
24
13
3
3
36
<3
248
148
35
162
13
451
37
80
35
26
<2
18
0.262
0.005
0.068
0.019
0.003
0.034
0.013
0.049
0.018
0.005
0.5
1.0
2.7
OA
0.6
0.5
1.3
0.8
0.7
3.0
0.2
1.8
lA
2.0
0.9
0.6
0.2
OA
1.7
0.5
0.9
6A
5.0
0.7
1.8
OA
4.5
7.1
4.3
21.0
13.3
23.7
1.4
0.5
0.6
2.0
1.9
lA
OA
3.8
2.5
2.7
2.3
1.3
0.146 15
0.003 15
0.038 15
0.011 15
0.001 15
0.019 15
0.007 15
0.027 15
0.010 15
0.003 15
15
0.3 11
0.7 11
1.8 11
0.3 9
0.5 9
0.4 9
9
1.0 9
0.6 11
0,5 9
2.0 11
0.1 I1
1.2 1\
0.9 11
1.3 11
0.6 11
0.5 9
9
0.2 9
72.70
0.29
13.65
2,23
0.04
0.69
1.83
2.72
4.60
0.12
7
24
13
4
3
36
<3
251
145
36
162
13
450
39
82
36
27
<2
18
Notes: x = mean value. SD = standard deviation, %RSD = relative standard deviation. ±x = 95 % confidence
interval. n = number of independent determinations. - = no information. Recommended values are from Robin-
son (pers. comm. 1997).
a Carbolite® furnace, cooled to 105 cC in a
drying oven, and transferred to a dessicator
to allow further cooling to room tempera-
ture. The weight of the crucible was meas-
ured and the LOI was calculated from the
weight loss of the sample. Samples that
contained sulphides were heated at 500 cC
in a muffle furnace for 4 hours prior to igni-
tion at 1,000 cC to remove S02 from the
samples. Three independent LOI detennina-
tions on the reference material TASGRAN
yielded identical values of 0.73 wt.%. These
determinations were highly accurate because
the obtained result is identical to the rec-
ommended.
3.5.3 Leco technique
The total carbon content of the whole rock
powders was detennined by Analabs in
Pertb using the Leco technique. The detec-
tion limit given by the commercial labora-
tory was 0.005 wt.%. The accuracy and pre-
cision of the total carbon determination by
the Leco method was validated on the basis
of unidentified reference materials (GSS-5,
GXR-2, GXR-4, and TASGRAN) and by
inclusion of duplicate sample powders. Six
independent analyses of the reference mate-
rial GXR-2 yielded a mean value of 2.96
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wt.%. The obtained precision was 6 %RSD.
The proposed total carbon content of this
reference material is 2.61 wt.%
(Govindaraju, 1994). The analytical method,
therefore, slightly overestimated the total
carbon content of this reference material.
3.5.4 Inductively coupled plasma-mass
spectrometry
The concentrations of the trace elements Cd,
Cs, Tl, Bi, and U in the powdered whole
rock samples were analysed by Analabs in
Perth using rCP-MS following a combined
HF-RN03-HCI04 acid digestion. The de-
tection limits of the method are summarised
in Appendix D. The quality of the rCP-MS
analysis was validated on the basis of the
analytical results obtained on unidentified
reference materials (GSS-5, GXR-2, GXR-
4, and TASGRAN) and by inclusion of du-
plicate samples. The results obtained on the
reference material indicate that the precision
of the method was better than 10 %RSD.
The accuracy of the ICP-MS analysis was
found to be good, Le., the recommended
values were within the 95 % confidence
intervals calculated from the independent
measurements of the reference materials.
rCP-MS determinations of REE in selected
samples was performed at the Large Scale
Geochemical Facility at the University of
Bristol. 200 mg of the dried sample powder
were digested in a PTFE beaker using a
combined HF-RN03-HCI04 acid digestion
procedure. After evaporation to incipient
dryness, the cake was re-dissolved in RN03.
The obtained solution was transferred to a
100 ml volumetric flask and made up to
volume with diluted RN03. Finally, the so-
lution was transferred to a 125 ml high den-
sity polyethylene storage vessel. Prior to
analysis, 5 ml of the sample solution were
transferred to a disposable polystyrene tube.
To compensate for instrumental drift, 5 ml
of an internal standard solution (20 ng mr'
rn, Re, and Ru) were added. The rCP-MS
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measurements were performed on this solu-
tion using an externally calibrated VG Ele-
mental Plasma Quad II instrument. The de-
tection limits are given in Appendix D.
The precision and accuracy of the rCP-MS
measurements was validated on the basis of
analysis of international and in-house refer-
ence materials (BE-N, GA, GH, JG-I, JG-
la, RGM-I, and 3570) as well as duplicate
sample preparations and measurements. The
obtained data indicated that the precision of
the rCP-MS analysis was typically below 5
%RSD. The recommended values of the
reference materials were within the calcu-
lated 95 % confidence intervals indicating
that the trace element determinations were
performed at high accuracy.
3.6 Mineralogical phase investigations
The mineralogy of the whole rock samples
was studied by X-ray diffraction (XRD)
using the Rietveld method (Appendix E).
Moreover, the mica crystal chemistry and
polytypism was studied using X-ray diffrac-
tion techniques and electron microprobe
(EMP) analysis (Appendix F). The XRD
investigations were carried out at the Miner-
alogy Department at the Freiberg University
of Mining and Technology. The EMP analy-
ses were performed at the Central Science
Laboratory at the University of Tasmania
and the Mineralogy Department at the Frei-
berg University ofMining and Technology.
3.6.1 Whole rock phase analysis by X-ray
diffraction
Quantitative phase analysis was performed
using the Rietveld method. This method was
initially introduced for the refinement of
crystal structure parameters (Rietveld, 1969)
but has been expanded over the last ten to
fifteen years for application in quantitative
phase analysis. The Rietveld method is
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based on a least square fit between step scan
data of a measured and a simulated XRD
pattern. The simulation is based on a large
number of parameters including crystal
structure parameters of each component
phase, parameters describing the peak pro-
file and the background, a scale factor for
each constituent phase to adjust the relative
intensities of the reflections, and parameters
describing the instrumental aberrations as
well as effects resnlting from size-strain,
preferred orientation, and particle size. A
key feature of the Rietveld method is that
the phase abundances of the constituent
phases can be directly calculated from the
refined scale parameters. Therefore, quanti-
tative analysis can be performed without the
need of experiments undertaken on standard
samples to calibrate the method (Hill and
Howard, 1987; Bish and Howard, 1988;
Hill, 1991; Bish and Post, 1993; Hill et aI.,
1993; Mumme et aI., 1996; Raudsepp et aI.,
1999; Guirado et aI., 2000; Hillier, 2000).
Although application ofthe Rietveld method
may be useful for modal analysis in a wide
range of geological materials, quantitative
X-ray analysis by this method has not yet
been performed as a matter of routine.
Therefore, systematic experiments were
carried out prior to routine analysis by the
author of the present thesis to optimise the
method of sample preparation and analysis.
Details on these analytical developments
form part of several publications and only
principal findings are summarised in the
following sections (Monecke et aI., 1999,
200 Ic; K6hler et aI., 2000; Bergmann et aI.,
2001).
Sample preparation and measurement
The powdered samples obtained from disc
milling were split with a riffle splitter and
-I g material was further stepwise ground
by hand in an agate mortar. The fine powder
was removed by sieving (20 >tm mesh).
Homogeneous mixing of the powder was
achieved by vibrating it along with small
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steel balls for five minutes. The powder was
gently pressed into a conventional front-
loading holder with the sharp edge of a sheet
of glass. Some additional powder has been
tapped through a sieve on to the holder. Be-
cause the grains have a more or less random
orientation when falling from the sieve, a
surface without strong preferred orientation
of the particles was achieved. Step scan
XRD data (5 to 80 020, 0.03 020 step size,
8 s/step) were collected on spinned samples
with an URD 6 diffractometer (Seifert-
FPM). The diffractometer was equipped
with a diffracted beam graphite monochro-
mator and a variable divergence slit that
allowed the irradiation of a constant sample
area (355 mm2) on the rotated sample. A Co
tube was used and operated at 40 kV and 30
mA.
Qualitative and quantitative phase analysis
Qualitative phase analysis of the raw dif-
fraction pattern was carried out by conven-
tional search/match procedures using refer-
ence diffraction patterns stored in the ICDD
PDF-2 (International Centre for Diffraction
Data). Quantitative analysis was performed
using the Rietveld programs BGMNIAuto-
Quan (Bergmann et aI., 1994, 1998; Taut et
aI., 1997). This program package was cho-
sen for several reasons including the nu-
merical stability and the convenient refine-
ment in fully automatic mode without user-
defined refinement strategy enabling routine
analysis.
Quantitative analysis of the multi-phase
samples was performed by refining ap-
proximately 140 independent parameters on
the basis of 2,50 I measured intensity values
forming ca. 1,000 peaks in the diffraction
patterns. The computation time required was
approximately 5 to 10 minutes per diffrac-
tion pattern using the program AutoQuan
running on a Pentium HI 1,000 MHz per-
sonal computer. The use of the program
AutoQuan proved to be particularly con-
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Crystal structure models
Table 3-2: Sources of crystal structure data used to
derive start structures for the Rietveld analysis.
The use of the Rietveld method requires
knowledge of the approximate crystal
structure of each phase present in the sample
investigated. These crystal structure infor-
mation as well as starting parameters of site
occupancies and lattice parameters were
taken from the literature (Table 3-2). In tbe
Rietveld program used, the parameter space
can be limited due to the introduction of
venient because tbe measured and the cal-
culated diffraction patterns, as well as the
difference curve, could be observed and
compared with the peak positions of stored
mineral structures during calculation. There-
fore, the refinement was stopped as soon as
peaks of an unidentified mineral phase ap-
peared in the difference curve. This mineral
phase was then identified by the search!
match procedure and added to the list of
constituent minerals. After careful qualita-
tive analysis, this trial and error method
rapidly lead to the identification of all de-
tectable mineral phases.
A particular problem encountered was the
disorder by ±b/3 layer displacement of chlo-
rite. This layer displacement yields (1) sharp
and intense 001 peaks, (2) fairly sharp, but
less intense hkl peaks witb k=3n, (3) ex-
tremely wide hkl peaks with k,,3n, and (4)
broadening and minor shifts of tbe OkO
peaks in the diffraction patterns. In order to
describe these diffraction patterns correctly,
a specially designed real structure model
was implemented into the starting structure
of this mineral (Bergmann and Kleeberg,
1998). This real structure model was suc-
cessfully applied during refinement of dif-
fraction patterns of samples from the Wa-
terloo deposit that contained a high concen-
tration of chlorite (>10 wt.%).
The refined crystal structure parameters
included the unit cell parameters of each
phase as well as element substitutions with
pronounced influences on intensities and
positions of reflections. For instance, the
Mg2+_Fe2+ occupancy of the octahedral po-
sitions in the chlorite structure was refined
due to its control on the intensity distribu-
tion of the chlorite basal reflections. An-
other important element substitution consid-
ered was the nature of the interlayer cation
in the true dioctahedral mica because of the
influence on the position of the mica basal
reflections.
physically and mineralogically meaningful
upper and lower limits for each parameter.
The limitation of the parameter space sub-
stantially improves the stability of tbe re-
finement and also leads to a better conver-
gence into the global minimum. The upper
and lower limits of the crystal structure pa-
rameters were derived experimentally by
investigation of a large number of natural
samples. Prior to the present study, the ap-
plicability of tbe obtained starting crystal
structure models and parameter limits was
tested in experiments using synthetic 50:50
mineral mixtures of known compositions
(Kleeberg and Kohler, pers. comm. 2002).
Crystal structure
Kawahara et al. (1972)
Williams and Mcgaw (1964)
Reeder and Dollase (1989)
Mackie and Young (1973)
Effenberger et al. (1981)
Rule and Bailey (1987)
Effenberger et al. (1983)
Dollase (1971)
NodactaJ.(1987)
Slake et al. (1966)
Comodi and Zanazzi (1995)
Sish and Von Dreele (1989)
Guven(J971)
Tseng et al. (1995)
Sidorenko et al. (1977)
Guven(1971)
Brostigen and Kjekshus (1969)
Wardle and Brindley (1972)
Young and Post (1962)
Meagher and Lager (1979)
Effenberger et at. (1981)
Dc Jong (1927)
Tay10r and Brown (1976)
Mineral
Actinolite
Albite
Ankerite
Apatite
Calcite
Chlorite
Dolomite
Epidote
Galena
Hematite
Na/K mica
Kaolinite
Muscovite
Orthoclase
Paragonite
Phengite
Pyrite
Pyrophyllite
Quartz
Rutilc
Sideritc
Sphalerite
Titanite
3 Materials and Methods
Peak profile description
The peak profiles were described by sepa-
rate consideration of the wavelength distri-
bution of the X-ray tube, the instrumental
assemblage (e.g., divergence slit length,
focus and detector slit length, sample di-
mension and thickness), and the contribution
of the phases contained in the sample (e.g.,
crystallite sizes and degree of micro-strain).
During routine Rietveld analysis, only the
sample function was refined because the
wavelength distribution of the X-ray tube is
constant and the instrumental settings re-
mained unmodified.
In the Rietveld software used, the wave-
length distribution was modelled by a set of
four Lorentz functions describing the Kal
and Ka2 lines of the Co tube. This model
was based on the spectral measurements
carried out by Holzer et al. (1997). The in-
strumental profile function was derived by a
Monte-Carlo ray-tracing method prior to the
Rietveld refinement (Bergmann et al., 1997,
1998; 2000a). This simulation method in-
cludes the calculation of instrumental profile
shapes at defined angular steps as well as
the intensity function of the automatic di-
vergence slits. The procedure described by
Bergmann et al. (2000b) was followed to
describe the low-intensity tails occurring on
both sides of all Bragg reflections, which is
due to emission of X-rays outside the focus
ofthe X-ray tube.
The sample profile function was represented
by folding of a Lorentzian and a squared
Lorentzian profile describing the size and
micro-strain broadening, respectively
(Bergmann et aI., 2000b). The size broad-
ening is independent on 2e and was as-
sumed to be isotropic for all phases con-
tained in the samples. An isotropic micro-
strain broadening parameter was only intro-
duced in the case of albite because the width
of the albite reflections varied as a function
of 2e possibly due to variations of the
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chemical composItIOn. Moreover, micro-
strain broadening was considered in the hkl-
dependent broadening models for the layer
silicates. Together with up to 14 parameters
of the background polynomial function and
the relatively large number of parameters
introduced by the models of preferred ori-
entation (see below), a total of up to 140
independent parameters was reached.
Microabsorption andpreferred orientation
ofparticles
Serious problems for the accurate quantita-
tive phase analysis were the occurrence of
microabsorption and preferred orientation of
the particles. Microabsorption occurs in
samples containing minerals with very dif-
ferent absorption coefficients and may result
in the underestimation of the highly ab-
sorbing minerals (Brindley, 1945). To re-
duce the absorption contrast between the
constituent minerals, CoKa radiation was
used. Moreover, the samples were pulver-
ised and sieved using a 20 /lm mesh because
the effects of microabsorption can be mini-
mised by reducing the mean particle size.
Although microabsorption was considerably
minimised by these measures, microabsorp-
tion correction during Rietveld refinement
was required. The correction procedure is
described by Monecke et al. (1999, 200 le).
The presence of preferred orientation of the
particles in the powdered XRD samples
could not be avoided during sample prepa-
ration due to the non-spherical shape of the
grains that form during the process of mill-
ing, sieving, and grinding in response to the
physical properties of the constituent miner-
als. However, it was shown that the effects
Figure 3·2: Rietveld refinement plot of a represen-
tative multi-phase sample (point = observed inten-
sity at each step; solid line = calculated XRD pat-
tern; thin line = fitted background; solid line below =
difference curve between observed and calculated
intensities).
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of preferred orientation were successfully
minimised using the applied method of
sample preparation (Monecke et aI., 1999,
200Ic). The remaining effects of preferred
orientation on the intensity distributions of
the reflections were corrected during Riet-
veld refinement using a texture model de-
scribed in detail by Bergmann et a1. (2001).
Validation ofthe analytical method
The goodness of fit was routinely assessed
by inspection of the difference curve be-
tween the measured and the calculated XRD
patterns and examination of numerical crite-
ria of quality. The observed weighted resid-
ual errors Rwp ranged from approximately 6
to 14 %, indicating very good agreement
between the observed and simulated XRD
patterns. Ideally, these weighted residual
errors should approach the statistically ex-
pected values Rexp that ranged from 3.5 to 6
% (Appendix E). A typical example for the
obtained agreement between the measured
and calculated diffraction patterns is given
in Figure 3-2.
The precision of the method was evaluated
by Monecke et a1. (200 le) by repeated sam-
ple preparation (sieving and grinding of the
powder obtained from disc milling, homog-
enisation, and preparation of top-loading
sample holders) and XRD data collection of
a representative sample. It was shown that
the obtained contents of major minerals
scattered within I to 1.5 wt.% indicating
that random within-laboratory errors were
relatively small.
The accuracy of the quantitative XRD
analysis by the Rietveld method was evalu-
ated by expressing the obtained mineral
abundance as chemical compositions. These
converted results were then compared to the
whole rock XRF data (Monecke et aI.,
1999). The recalculation of XRD results was
performed by assuming ideal mineral com-
positions except where the cation occupan-
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des were refined as a part of the Rietveld
analysis. Routine recalculation of the phase
compositions and comparison to the geo-
chemical results proved to be useful as a test
for systematic errors in the quantitative
XRD analysis. Monecke et a1. (200 le) dem-
onstrated that the recalculated major ele-
ment contents are in close agreement with
the directly measured element contents indi-
cating that the phase abundances and refined
cation occupancies were accurately deter-
mined by the Rietveld method.
3.6.2 Crystal chemical investigations on
white mica
Information on the real structure of the
dioctahedral true mica occurring in the Wa-
terloo sequence were obtained from X-ray
diffraction experiments on mica-enriched
samples obtained by gravity sedimentation.
Mica enrichment was carried out because
most whole rock samples contained only
low concentrations of intermediate Na/K
mica and paragonite hampering accurate
determination of crystallographic data in the
multi-phase samples due to extensive peak
overlap.
The gravity sedimentation was carried out in
the following way: -ID g of the powdered
samples were weighed accurately and dis-
persed in a mixture of 100 ml distilled water
and 10 ml 0.01 M Na,P20,'1O H20 by
means of ultrasound. The suspension was
transferred into an Atterberg cylinder (15
cm height of fall) that was subsequently
filled up with distilled water. After vigorous
shaking, gravity settling was allowed. After
four hours, a significant portion of the larger
particles settled to the bottom of the Atter-
berg cylinder and the suspension still con-
taining small sized particles was drawn off.
The cylinder was filled up again with dis-
tilled water. The procedure of gravity set-
tling was repeated until the suspension
drawn off was clear. The coarse-grained
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material was removed from the bottom of
the Atterberg cylinder and weighed after air
drying. The suspension containing the small
sized particles was centrifuged at 4,500 rpm
for five minutes (Hettrich Rotanta/T centri-
fuge) and the clean water was discarded.
The fine-grained sample was freeze-dried
(Finn-Aqua Lyovac GT2 freeze-drying ma-
chine) and weighed. Due to freeze-drying of
the sample, a minimum of aggregates con-
taining oriented phyllosilicates particles was
obtained.
The preparation of strongly oriented sam-
ples was conducted to accurately determine
the positions of the 001 series of white mica.
Sample preparation was carried out using
the standard glass slide method. Approxi-
mately 20 mg of the mica-enriched sample
were dispersed in 5 ml of a 0.01 M NH40H
solution. The suspension was subsequently
poured on a glass slide. XRD measurement
was carried out after air drying of the sam-
ple on a XRD 3000 TT diffractometer (Seif-
ert) equipped with a diffracted beam graph-
ite monochromator. Primary and secondary
Soller slits were used to minimise axial di-
vergence. A Cu tube was utilised and oper-
ated at 40 kV and 40 mA. The step scan data
were collected (1 to 30 °20) using a 0.02
°20 step size and a measuring time of 50
s/step. The samples were also analysed in
ethylene glycole solvated conditions (2-5, 8-
10,17-19,26-29 °20, 0.02 °20, 50 s/step).
Microchemical analyses of selected diocta-
hedral mica grains were performed on car-
bon-coated thin sections using a Cameca
SX-50 and a JEOL JXA-8900 RL electron
microprobe. The operating conditions were
15 kV and 10 nA with a beam diameter of
-3 [.lm. Element concentrations were deter-
mined by wavelength-dispersive X-ray
(wnX) spectrometry. The counting times
on the peak were 30 s for all elements ex-
cept F and Cl for which counting times of
15 s were used. Background count rates
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were obtained on both sides of the peak us-
ing half peak counting times. X-ray line
calibrations were undertaken using a combi-
nation of natural minerals, synthetic simple
oxides, and pure metals. Routine detection
limits for the conditions employed were in
the order of 0.05 to 0.1 wt.%. Chemical
analyses of the white mica are given in Ap-
pendix F.
3.7 Summary
The geology of the Waterloo sequence was
studied in detail by re-logging the existing
-10 km exploration diamond drill core. The
logging was conducted to study the struc-
tural geology of the deposit using macro-
scopic structural techniques, to determine
the distribution of the volcanic facies, and to
collect information on the different altera-
tion styles and intensities. The field work
carried out was accompanied by extensive
sampling and petrographic studies On the
250 whole rock samples collected. The pet-
rographic studies included a visual descrip-
tion of the hand specimens, optical micros-
copy, CL microscopy, and SEM investiga-
tions. Chemical analysis of the whole rock
samples was carried out by XRF and ICP-
MS and supplemented by the determination
of the loss on ignition and the total carbon
content by gravimetry and application of tl,e
Leco technique, respectively. The relative
abundance of the minerals contained in the
samples was determined by the Rietveld
method using XRD data. Because this
method has not been previously used in
economic geology, several analytical devel-
opments were carried out as a pal1 of the
present research. In addition to the detenni-
nation of the phase abundances, information
on the real structure of the dioctahedral true
mica were collected by XRD experiments
and EMP analyses.
4 STRUCTURAL GEOLOGY
4.1 Introduction
The detailed understanding of the structural
geology of the Waterloo deposit is an im-
portant prerequisite for the reconstruction of
the volcanic facies association and the spa-
tial distribution of hydrothermal alteration
zones. Therefore, the structural style of the
Waterloo deposit was studied during core
logging by the author of the present thesis
using macroscopic structural techniques.
The structural geology of the Waterloo de-
posit has been previously studied by Laing
(1986), Van der Hor (1986), and Berry
(1989) and is summarised in three unpub-
lished reports. Initially, Laing (1986) recog-
nised two generations of post-depositional
structures in the host rock lithologies of the
Waterloo deposit. He showed that the Wa-
terloo sequence was affected by an early
event of slate belt type folding that produced
a sub-vertical axial plane cleavage and a
steeply plunging mineral elongation linea-
tion. It was established that the deposit is
situated on the southern limb of a large scale
antiform with a shallowly west plunging
fold axis. The second group of structural
elements included crenulations and small
kinks in the early axial plane cleavage.
Laing (1986) assumed that these structures
were of no importance to the overall ge-
ometry of the mineralised zones of the Wa-
terloo deposit.
Van der Hor (1986) and Berry (1989)
broadly confirmed the main conclusions by
Laing (1986). However, they further subdi-
vided and reinterpreted his second type of
structural elements. According to these two
authors, the crenulations and small kinks in
the early cleavage are related to faulting.
Van der Hor (1986) distinguished three
events of faulting, whereas Berry (1989)
only noted two stages of brittle deformation.
The major aims of the present structural
work were (I) to determine the absolute
orientation of macroscopic structural ele-
ments because previous investigations were
limited due to the scarcity of oriented core,
(2) to collect new data to allow an evalua-
tion of the previous interpretations of the
macroscopic structures of the Waterloo de-
posit, and (3) to asses the influence of de-
formation on the distribution and geometry
of the mineralised zones. The diamond drill
core obtained by oriented core retrievals
during the exploration program in 1997
formed an important basis for the study of
the orientation of structural elements. Un-
fortunately, the diamond core recovered
before 1997 was either not oriented or ori-
entation marks were not preserved. There-
fore, the structural study of the old core was
restricted to a qualitative interpretation and
only few orientation measurements taken by
Van der Hor (1986) were available for com-
parison.
4.2 Pre-deformation structures
Bedding is largely absent in the footwall
sequence and is difficult to identify in the
intensely altered rocks of the favourable
horizon and the lower part of the hanging
wall. However, primary layering can be
identified in the least altered parts of the
hanging wall sequence. Individual beds in
the volcaniclastic rocks of the hanging wall
sequence can be easily recognised on the
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Figure 4-1: Equal area lower hemisphere stereographic projection of structural data from the Waterloo deposit
(GN~ grid north, TN~ topographic north, MN~ magnetic north): (a) poles to bedding So, (b) contoured poles to
bedding So (in percent per percent area), (c) poles to cleavage 82 , (d) contoured poles to cleavage 82 (in per-
cent per percent area), (e) poles to sulphide veins in the footwall sequence, and (t) contoured poles to sulphide
veins in the footwall sequence (in percent per percent area).
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basis of differences in grain size, composi-
tion, colour, and sorting (plate lA). Graded
beds as well as mudstone containing inter-
calated thin to thick beds of volcaniclastic
sandstone were particularly useful for
structural measurements. Orientation meas-
urements showed that the primary layering
So has a strike between 70 and 95° and a
steep dip of typically 75-90° in a northerly
or southerly direction (Figure 4-1). The
variability of the So orientation reflects pri-
mary irregularities in bedding orientation as
well as the effects of post-depositional de-
formation (see below). The facing of the
individual beds is consistently to the south.
The orientation of the bedding determined in
drill core is consistent with the overall dis-
tribution of the volcanic facies on the con-
structed cross sections (Figure 4-2).
The presence of several syn-depositional
faults at Waterloo has been initially pro-
posed by Huston (1991). His suggestion was
based on the results of a metal zonation and
sedimentological study. It was shown that
the main base metal mineralisation occurs in
two distinct zones at Waterloo Central and
Waterloo West, respectively. Long sections
displaying the thickness of the coarse
quartz-feldspar crystal-rich sandstone and
breccia (referred to as felsic volcaniclastic
rocks in this report) overlying the intensely
altered rocks (Figure 4-2) were constructed
and two possible troughs bounded by
growth faults were delineated at Waterloo
Central and Waterloo West. The apparent
consistency between the metal distribution
and the sedimentological evidence was used
to reconstruct the palaeotopography of the
seafloor. Huston (1991) suggested that the
Waterloo-Agincourt area consisted of a ba-
sin that deepened to the west at Agincourt
with a topographic high to the east.
The present structural study shows that the
Waterloo sequence was subject to intense
deformation during regional folding and was
affected by (at least) two faulting events
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post-dating metamorphism. In the light of
these data, it appears likely that deformation
related factors were important and strongly
controlled the geometry of the massive sul-
phide bodies. The true thickness of the
marker horizon is also extremely difficult to
reconstruct because of abundant post-
depositional normal faulting (see below) and
texturally destructive hydrothermal altera-
tion. Therefore, apparent changes of unit
thicknesses in drill core (e.g., massive sul-
phides and coarse quartz-feldspar crystal-
rich sandstone and breccia) are regarded
here as unreliable criteria to establish the
presence of syn-depositional structures.
4.3 Structures related to regional folding
The major and first post-depositional de-
formation affecting the Waterloo sequence
is a penetrative slate belt type folding event
producing a penetrative sub-vertical axial
plane cleavage. According to Berry et al.
(1992), this folding event is denoted as D,
and Mid to Late Ordovician in age. The D,
related axial plane cleavage is termed S,.
The D, slate belt type folding event appar-
ently not created folds on the scale of the
deposit.
Due to competency contrasts, the cleavage
is only well developed in some lithological
units of the Waterloo sequence. Within the
footwall sequence, the foliation is recognis-
able in zones that were affected by hy-
drothermal alteration. Moderately altered
andesites in the periphery of the footwall
altered zone are typically characterised by a
spaced foliation. The fabric of intensely
altered phyllic rocks is particularly affected
by the D2 deformation. These rocks exhibit
a slaty cleavage defined by preferred orien-
tation of white mica and chlorite (Plate IB).
Silicic-altered rocks underlying the massive
sulphides (Figure 4-2) commonly display an
anastomosing spaced cleavage with white
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Figure 4-2: Interpreted distribution of volcanic facies on section 19,800 mE, The figure shows that the tithofa-
cies are steeply dipping.
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mica and chlorite-rich cleavage domains and
quartz-rich microlithons. A crenulation was
not recognised in the microlithons. Due to
the low competency of the hydrothermally
altered rocks relative to the surrounding
least altered volcanic rocks, strain was con-
centrated in the altered rocks enveloping the
mineralised zones of the Waterloo deposit.
Therefore, the altered rocks formed a high
strain zone (HSZ). Least altered volcani-
clastic sediments of the hanging wall se-
quence show a variable degree of cleavage
development that is primarily a function of
their white mica and chlorite content. A
strong slaty cleavage is only developed in
mudstone of the hanging wall sequence,
whereas the effects of the deformation are
more conspicuous in the other volcaniclastic
sediments. Coarse volcaniclastic rocks gen-
erally lack a well developed cleavage al-
though a weak foliation may be defined by
preferred orientation of white mica and
chlorite. The cleavage is typically not rec-
ognisable in coherent volcanic rocks of the
hanging wall sequence.
A large number of orientation measurements
of the axial plane cleavage were carried out.
Most measured S, have a strike between 65
and 85° and a steep dip of 75-90° in a north-
erly or southerly direction (Figure 4- I). The
measurements show a considerable spread
that is caused by a deformation event post-
dating D, (see below). Pyrite veins in the
footwall of the deposit are subparallel to
stratigraphy as well as the axial plane cleav-
age S, and strike approximately E-W (Fig-
ure4-1).
The spatial relationship between the folded
bedding plane and the axial plane cleavage
was studied to constrain the vergence of the
D, fold. The fold vergence is defined as the
direction perpendicular to the axial plane
cleavage in which the nearest antiformal
fold hinge is located. Due to the absence of
suitable bedding indicators in the footwall
and in the intensely phyllic-altered parts of
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the hanging wall, examination of bedding
cleavage relationships was restricted to
relatively unaltered hanging wall volcani-
clastic lithologies.
The relationships observed in various drill
holes indicate a fold vergence to the north.
The angle between the bedding and the axial
plane cleavage is usually less than 10°. S, is
consistently anticlockwise of So' Graded
bedding of volcaniclastic sediments has a
southerly younging direction which is con-
sistent with the observed bedding cleavage
relationships indicating the location of a
major anticline to the north.
The absolute orientations of the intersection
lineations L~ between the bedding and the
cleavage was determined in the oriented
drill core. An equal area lower hemisphere
stereographic projection of the measure-
ments is given in Figure 4-3. The measured
intersection lineations L~ have a shallow to
moderate plunge to the W or WSW. Be-
cause this lineation is thought to be parallel
to the hinge line of the antiform F, to the
north of the Waterloo deposit, it is suggested
that the F, antiform is shallowly plunging to
the west. The small angle between the bed-
ding and the cleavage indicates a very tight
style of folding.
The sub-vertical axial plane cleavage S,
contains a steeply plunging mineral linea-
tion L', that developed as a function of the
amount of strain and in response to the min-
eralogy of the volcanic rocks. In hydrother-
mally altered wall rocks of the Waterloo
sequence this lineation is well developed. It
is mainly defined by trails of pyrite, elon-
gated aggregates of quartz crystals, fibrous
chlorite bundles, and fibrous strain fringes
of quartz and white mica or chlorite devel-
oped on pyrite grains (Plate IC and ID).
Elongated lithic fragments and feldspar
crystals in altered volcaniclastic sediments
in the immediate hanging wall of the mas-
sive sulphides also define a prominent elon-
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gation lineation that is parallel to the min-
eral lineation L', (plate lE). In fine-grained
volcaniclastic sediments of the hanging wall
sequence, the lineation L~ is more subtle
and primarily defined by an alignment of
white mica and chlorite aggregates as well
as by rare fibrous strain fringes on pyrite
grains. The mineral lineation L', is typically
more difficult to recognise in other litholo-
gies. Several measurements of the orienta-
tion of L~ were carried out on the oriented
core. In general, the mineral lineation has a
steep plunge to the east (Figure 4-3). Al-
though some spreading of the data is evi-
dent, it is assumed that the orientation of the
L', mineral lineations was constant during
the D, folding event. The orientation of the
mineral lineation L', is interpreted to reflect
the direction of extension and main tectonic
transport during D,.
The macroscopic evaluation of the drill core
as well as the collected orientation meas-
urements suggest that tectonic transport
during D 2 occurred as simple shear parallel
to S,. According to the orientation of L'"
the direction of shear was steep to the east.
The available evidence suggests that the
HSZ represents a high strained part of the
southern limb of the F, antiform implying
that the area to the north of the HSZ moved
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upward relative to the area south of the HSZ
during the folding event.
4.4 Structures related to brittle deforma-
tion
Structural elements related to brittle defor-
mation are related either to normal faulting
or late strike-slip faulting. The characteris-
tics of the structural elements are discussed
below.
4.4.1 Normal faulting
The folding of the Waterloo sequence was
overprinted by a faulting event that is possi-
bly related to the Silurian to Devonian re-
gional DJ event (Berry et aI., 1992). The
faulting is evidenced by the abundant local-
ised zones of intense brittle deformation in
drill core. These zones range in width from
a few millimetres to several metres and are
particularly abundant in the altered rocks of
the HSZ suggesting that this unit was also a
locus of strain during this event of brittle
deformation. Barren quartz veins (Plate IF)
and intense kink folding (Plate 10) are
commonly closely related to these intensely
deformed zones.
Plate I: A. Primary layering in mudstone (WT2-265). Individual beds can be recognised on the basis of differ-
ences in grain size and composition. Width of view 4.5 mm. CPL. B. Slaty cleavage in hydrothennally altered
volcanic rock (WT21-237). The slaty cleavage is defined by fine-grained white mica and minor chlorite and a
planar shape fabric caused by flattened quartz crystals. Width of view lA mm. CPL. C. Fibrous quartz strain
fringe alongside a square pyrite grain in a hydrothennally altered volcanic rock (WT7-108). The quartz fibres are
parallel to the long dimension of the fringe and perpendicular to the pyrite crystal face. The fibres are slightly
curved and tocally rich in fluid inclusions. Width of view 0.65 mm. CPL. D. Quartz-white mica strain fringe in
contact with two crystal faces of a pyrite grain in a hydrothermally altered volcanic rock (WTZ5-478). Width of
view 1 mm. CPL. E. Elongated feldspar grain in hydrothennally altered coarse-grained volcaniclastic rocks
(WT9A-254). Quartz and fonner feldspar grains are enclosed by non-fibrous strain shadows and strain caps
consisting of white mica and chlorite. Notice the gradual transition between the strain shadow and the matrix.
Width of view 4.5 mm. CPL. F. Late stage quartz veinlet subparallel to bedding in a mudstone (WTZ-193). The
veinlet consists of zoned quartz crystals (transient blue to brown CL) and contains traces of calcite (orange CL).
Width of view 1.6 mm. CL. G. Kink fold in fine sandstone (WT23-368). The fold caused a considerable diver-
gence of the axial plane cleavage at the thin section scale. Width of view 4 mm. CPL. H. Late stage calcite
veinlet that is at a high angle to bedding in a mudstone (WT2-294). The thick calcite veinlet crosscuts a calcite-
quartz veinlet that is at a low angle to bedding. Width of view 1.6 mm. CL.
Cl "o a Qq '-<
4 Structural Geology
(0)
TN UN~ ,b, ~, TN MN.J:--u-
54
\ I~ +• +
"mOO"',"""'dY~ / _>12%L..J >24%9 mcasu
c" T.N ~Nt< TN /'.IN
,d)~(0)
o
• 0> 0
O~~
coDe
00
)0 mcasurcmclIls (this study)
+ 22 measurements (Van dcr Ilor, 1986)
r:::z::J ;. 2%
_ > 4%
!m> g%
_>16%
0>32%
Figure 4-3: Equal area lower hemisphere stereographic projection of structural data from the
Waterloo deposit (GNoo grid north, TN~ topographic north, MN~ magnetic north): (a) orientation
of the intersection lineations L02 , and (d) contoured intersection lineations V2 (in percent per
percent area), Cc) orientation of the mineral lineations V2 , and (d) contoured mineral lineations
V2 (in percent per percent area).
Orientation measurements on small faults
revealed that the phase of largely brittle de-
formation resulted in the formation of ENE
trending and usually steeply north dipping
faults. The faults are, therefore, subparallel
to the overall strike of the lithologies (Fig-
ure 4-4). The faults are characterised by dip-
slip (slightly oblique-slip ?) normal move-
ment.
Van der Hor (1986) and Berry (1989) al-
ready noted that the effects of normal fault-
ing are visible in cross sections as well as in
plan views suggesting significant move-
ments on at least some of these faults. Van
der Hor (1986) proposed that the spatial
distribution of the different lithologies is
best explained by a single major ENE strik-
ing fault. He suggested that the position of
this major fault varied along strike. In the
western part of the prospect the location of
the fault was thought to be well away from
the contact between the hydrothermally al-
tered rocks and the least altered hanging
wall sequence, but further eastwards the
fault was suggested to encounter this con-
tact. However, Van der Hor (1986) noted
that the tracing of the fault along strike was
difficult and proposed the existence of a NE
striking oblique fault at 19,800 mE to ex-
plain the geometric relationship between the
HSZ and the surrounding least altered rocks.
Berry (1989) showed that the presence of a
major NE striking oblique fault is
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Figure 4-4: Equal area lower hemisphere stereographic projection of the orientation
of (a) ENE striking normal faults and (b) axial planes of related kink folds in the Wa-
terloo deposit (GN~ grid north, TN~ topographic north, MN~ magnetic north). Dotted
line represents the orientation of the proposed major ENE normal faults.
unlikely and that most of the evidence for
this fault is better supported by assuming the
presence of two major ENE striking normal
faults within the deposit. Con-elation be-
tween individual sections can-ied out during
this study revealed that most of the evidence
for normal faulting can be indeed interpreted
in terms of two ENE striking faults. The
traces of the two faults are shown in Figure
4-5. An overall strike of 253 0 and a dip of
800 to the north was detennined for these
faults. These values are in good agreement
with the orientation of small nOlmal faults
directly measured in drill core (Figure 4-4).
Zones of intense normal faulting in the HSZ
are typically associated with kink folding.
These kink folds commonly form conjugate
sets. Although the kink folds are of no over-
all consequence to the geometry of the HSZ,
intense kinking may locally cause a consid-
erable divergence of S, from its subvertical
dip. The orientation of the axial planes of
kink folds is presented in Figure 4-4. The
strong variation in the orientations may pri-
marily reflect inaccuracies in the measure-
ments as the orientations of the axial plane
cleavages S, of the kinks in drill core are
very difficult to detennine. The majority of
the kinks dips moderately to steeply in a
northerly direction. The close association
between the normal faulting and the kinking
as well as the agreement in their orientations
indicate that the two structural elements are
part of the same deformation phase. A con-
ceptual model for the geometric relationship
is given in Figure 4-6. Intersection linea-
tions between S, and S, are denoted as L',.
The orientation of L~ could not be deter-
mined unambiguously in drill core.
4.4.2 Strike-slip faulting
The second event of faulting post-dating DJ
led to the formation of small strike-slip
faults in the Waterloo deposit. These faults
are of minor importance because no signifi-
cant displacement has been demonstrated
that could be ascribed to this faulting event.
Although the data set of orientations of the
strike-slip faults is limited, a general subdi-
vision in two trend groups can be made.
This observation suggests that the strike-slip
faults form conjugate sets of faults. One set
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Figure 4M 6: Conceptual model for the development
of kink folds in relation to major E-W striking
nonnal faults (Van der Hor, 1986).
of faults strikes at a low angle to bedding,
whereas faults of the other set are at high
angles to bedding (Figure 4-7), Strike-slip
faulting is typically associated with the for-
mation of calcite or calcite-quartz veinlets
(Plate IH),
The development of kink folds with the ax-
ial plane crenulation S, appears to be re-
lated to movement on the strike-slip faults.
The planes of crenulation strike parallel to
the strike-slip faults and dip steeply in east-
erly or westerly directions (Figure 4-7),
These kink folds are uncommon and typi-
cally occur within the HSZ, Consequently,
intersection lineations L', between S, and
S, are very rare, The orientation of this
lineation could not be determined unambi-
guously, The strike-slip faulting also caused
a reactivation of earlier fractures as evi-
denced by the shallow plunge of rare min-
eral slickenline lineations L, on the slick-
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ensides of fractures, The formation of strike-
slip faults in the Waterloo deposit may be
related to large scale gentle (open) folds in
the cleavage and bedding. These folds are
interpreted to have NNW-SSE axial planes
with steeply plunging fold axis.
4.5 Influence of deformation on the mas-
sive sulphides
The influence of the deformation on the
massive sulphides at Waterloo was first de-
scribed by Van der Hor (1986), The present
study mainly confirms his interpretations
and the following conceptual model was
derived,
The present geometry and distribution of the
massive sulphides is strongly influenced by
the original shape of the mineralisation. Al-
though the original shape is subject to
speculation, the spatial arrangement of the
mineralised zones as well as the geometry of
the silicic-altered rocks suggest that the
massive sulphides initially formed a more or
less continuous blanket-like ore body (Fig-
ure 4-8a), The massive sulphide layer was at
a low angle to the subvertical S, in the
HSZ, A fragmentation of the competent
massive sulphide layer is likely to have oc-
curred during the D, event because of the
competence contrast to the surrounding
white mica and chlorite-rich rocks, At an
initial stage of the deformation, small folds
may have developed within the massive
sulphides, With the progressive strains set
up in the HSZ small shear zones may have
developed in the ore zone along the limbs of
these folds ultimately causing the fragmen-
tation of the massive sulphides into several
ore lenses (Figure 4-8b). The sizes and
shapes of these ore lenses clearly reflect the
shape of the original blanket-like ore body
as well as the spacing of the S, shear zones,
The ore lenses were probably elongated par-
allel to the shallowly west plunging D, fold
4 Structural Geology
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Figure 4~7: Equal area lower hemisphere stereographic projection of the orientation
of two conjugated sets·of late fractures in the Waterloo deposit and axial planes of re-
lated kink folds (GN= grid north, TN= topographic north, MN= magnetic north): (a)
orientation of the set of faults at low angles to bedding, (b) axial planes of related kink
folds, (c) orientation of the set of faults at high angles to bedding, and (d) axial planes
of related kink folds.
axis. These massive sulphide lenses fomled
relatively rigid bodies that underwent
mainly flattening strain, whereas the
shearing strain partitioned along the mar-
gins of these bodies. The massive sulphide
bodies must have rotated into the direction
of extension and main tectonic transport as
indicated by the steeply to the east plunging
lineation L~ (Figure 4-8c). If the amount of
shear was laterally constant, the massive
sulphides at Waterloo are likely to occur as
elongated flattened ore lenses, whereas flat
boomerang shaped ore zones would have
developed if the amount of strain varied
laterally. Subsequent normal faulting fur-
ther disrupted the ore lenses (Figure 4-8d).
4.6 Summary
The structural geology of the Waterloo se-
quence has been studied using macroscopic
structural techniques. It has been shown
that the major and first post-depositional
deformation affecting the Waterloo se-
quence was a penetrative slate belt type
folding correlating with the regional D 2
4 Structural Geology
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Figure 4-8: Conceptual model for the influence of deformation on the distribution of massive sulphides in the
Waterloo deposit: (a) the massive sulphides probably formed as a continuous blanket-like ore body, (b) frag-
mentation of the layer occurred due to shearing along the limbs of small folds, (c) formation of elongated and
separated ore lenses within the HSZ, (d) normal faulting post-dating 0, (a-c are modified from Van der Hor,
1986).
event of Mid- to Late Ordovician age. This
folding event rotated the Waterloo se-
quence into a subvertical position. The D)
folding also resulted in the development of
a related axial plane cleavage S2 that is
particularly well developed in the hy-
drothermally altered wall rocks of the de-
posit. Because of the low competency of
these rocks, strain was concentrated in the
alteration halo leading to the development
of a high strain zone. The spatial relation-
ship between the folded bedding plane and
the axial plane cleavage indicates a fold
vergence to the north of the deposit which
is consistent with the southerly younging
direction of the graded beds in volcaniclas-
tic sediments. This major F) antiform is
interpreted to have a shallow plunge to the
west. The area north of the high strain zone
is interpreted to have moved upward rela-
tive to the area south of the high strain zone
during the D 2 event.
The Waterloo sequence was affected by
two faulting events post-dating D), The
development of steeply dipping ENE strik-
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ing faults was accompanied by significant
dip-slip normal movements. The faulting is
particularly well developed in the high
strain zone suggesting that this unit was
also a locus of strain during this event of
brittle deformation. A second event of brit-
tle deformation led to the formation of
small strike-slip faults that have no overall
consequence to the geometry of the Water-
loo sequence. This deformation event is
possibly related to large scale open folding.
The ENE normal faulting is interpreted to
be related to the regional D, event that is
of Silurian or Devonian age, whereas the
strike-slip faulting and gentle folding post-
date D,.
60
5 VOLCANIC FACIES ARCHITECTURE
5.1 Introduction
Hitherto, the knowledge on the volcanic
host rocks of the Waterloo deposit was
based on a reconnaissance study on the ge-
ology and alteration of the deposit by Hus-
ton et al. (1995) as well as unpublished in-
vestigations related to the exploration of the
property. Because reconstruction of the vol-
canic facies architecture represents a power-
ful tool to resolve the temporal and spatial
relationship between volcanism and massive
sulphide formation, these initial observa-
tions were followed up by re-logging the
-10 km exploration diamond drill core from
the Waterloo deposit. The aims of these
field-oriented investigations were (I) to de-
scribe the primary volcanic textures of the
host rocks, (2) to reconstruct the volcanic
facies architecture, and (3) to provide a
geological framework for the geochemical
and mineralogical studies carried out as a
part of the present thesis.
5.2 Principal volcanic facies
Although facies interpretation at Waterloo
was difficult due to the inherent complexity
and the overprinting effects of alteration and
deformation, several volcanic facies were
distinguished during core logging using
textural criteria and other distinctive char-
acteristics that included facies composition,
facies geometry, volcanic or sedimentary
structures, bed forms, and pretectonic con-
tact relationships. Because primary volcanic
textures are typically preserved, a termino-
logy based on textural criteria was used
(McPhie et aI., 1993). The identified lithofa-
cies can be grouped into two principal litho-
facies types: (I) coherent (i.e., non-
fragmented) facies and related juvenile vol-
caniclastic rocks and (2) reworked volcani-
clastic facies. The results of the re-logging
of the exploration diamond drill core are
summarised in schematic stratigraphic facies
columns given in Figure 5-1.
5.2.1 Coherent facies and related juvenile
volcaniclastic rocks
Coherent volcanic rocks form a volumetri-
cally important part of the Waterloo se-
quence. Most coherent rocks are of basaltic
to andesitic compositions, whereas dacite is
relatively uncommon. The coherent facies
commonly grades into related juvenile vol-
caniclastic rocks. Although these volcani-
clastic rocks form only a minor component
of the Waterloo sequence, their textural
characteristics and their relationship to the
coherent facies were studied in detail to re-
construct the style ofvolcanism.
Coherent facies
Coherent basalts and andesites at Waterloo
are similar in appearance. Basalt is either
aphyric or weakly plagioclase- and/or py-
roxene-porphyritic. Plagioclase phenocrysts
and glomerocrysts are usually well pre-
served, whereas pyroxenes are entirely re-
placed by secondary minerals (plate HA).
Figure 5·): Simplified stratigraphic columns show-
ing the distribution, associations, and interrelation-
ships of the volcanic fades of the Waterloo se-
quence. The columns are given in the fennat of
graphic logs. The stratigraphic thicknesses were
converted to true thicknesses.
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5 Volcanic Facies Architecture
Coherent andesite is only rarely aphyric and
more commonly contains phenocrysts or
glomerocrysts of plagioclase that are evenly
distributed (Plate lIB). Pyroxene pheno-
crysts were only observed in some ande-
sites. Basalt and andesite are usually non to
weakly amygdaloidal. The amygdales are
round to ellipsoidal in shape and vary in size
from 2 to 20 mm. In some cases, flow folia-
tion is defined by trails of aligned ellipsoidal
amygdales. The filling consists of variable
amounts of quartz, calcite, chlorite, and epi-
dote (plate IIA).
Individual basaltic and andesitic emplace-
ment units were distinguished during core
logging using textural criteria including
variations in the mineralogy, relative abun-
dance, and size distribution of the pheno-
Clyst populations. Individual units range
from tens of centimetres to several metres in
thickness. Their lateral extent is interpreted
to be relatively limited because correlation
between closely spaced (>25 m) drill holes
proved to be extremely difficult. In many
cases, the margins of emplacement units
coincided with the occurrence of related
juvenile volcaniclastic rocks, whereas
chilled margins were only rarely identified.
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Dacite at Waterloo is aphyric to moderately
plagioclase porphyritic and non- to weakly
amygdaloidal (Plates IIC and lID). The pla-
gioclase phenocrysts are evenly distributed
throughout a strongly devitrified ground-
mass. Unequivocal identification of pheno-
crysts of mafic minerals in hand specimen
was hampered by alteration even in least
altered units. As in the case of the interme-
diate and basic coherent facies, individual
dacite emplacement units were distinguished
using textural criteria. The thickness of
these units ranges from metres to tens of
metres. Correlation of texturally defined
units between adjacent drill holes was typi-
cally not possible implying that most of the
dacite emplacement units are also of limited
lateral extent. A notable exception is a
weakly feldspar-porphyritic dacite em-
placement unit located in the Lower portion
of the hanging wall sequence (referred to as
dacite Dl).
Sediment-matrix monomictic brecciafacies
The sediment-matrix monomlctlc breccia
facies comprises clast to matrix-supported
monomictic breccia. The lava clasts are
macroscopically identical to the related
Plate 11: A. Coherent basalt (WT2-103). Evenly distributed pyroxene phenocrysts are entirely replaced by fine-
grained secondary minerals. The sample abundantly contains amygdales. B. Coherent andesite (WT9A-86). The
andesite shows a porphyritic texture comprising evenly distributed, moderately abundant, euhedral plagioclase
phenocrysts and glomerocrysts. Weak hydrothermal alteration resulted in the formation of a pseudoclastic tex-
ture. C. Coherent dacite of the type DI (WT24-426). The dacite is evenly feldspar-porphyritic and non-
amygdaloidal. Patches of epidote result from weak hydrothermal alteration. D. Coherent dacite (WT24-356). The
dacite has a porphyritic texture comprising evenly distributed, moderately abundant, euhedral feldspar pheno-
crysts. E. Sediment-matrix monomictic breccia with basalt clasts separated by a mudstone matrix (WT2-135).
The mudstone matrix is pale grey and shows evidence for induration. The outer margins of the basalt clasts are
chilled and preferentially replaced by epidote. F. Sediment-matrix monomictic breccia consisting of feldspar-
porphyritic andesite clasts in laminated mudstone (WT25-199). Mudstone in contact with the clasts is pale grey
and shows evidence for induration. The lamination of the mudstone is destroyed or intensely contorted. The
andesite clasts are quenched and partly silicifted and show thin chilled margins. G. Sediment-matrix monomictic
breccia comprising dacite D1 clasts in a matrix of coarse quartz-feldspar crystal-rich sandstone (WT23-4J3). The
rims of the dacite clasts show evidence for quenching and the coarse sediment component is partly replaced by
hematite. H.ln situ monomictic andesitic breccia (WT9A-95). The larger clasts are evenly plagioclase porphyri-
tic and have curviplanar margins. Jigsaw-fit texture is locally preserved. The clasts are separated by millimetre to
sub-millimetre granular matrix of the same composition, including splinters of andesite and plagioclase crystal
fragments. Scale bar is 2 cm in all pictures.
Cl
n
>
5 Volcanic Fades Architecture
coherent facies. Individual clasts vary in
size from a few millimetres to several tens
of centimetres (plates II E, lIP, and IIG).
The clast shapes typically depend on the
nature of the sediment-matrix. Angular and
blocky clasts with planar to curviplanar
margins OCcur in breccia having a coarse to
fine-grained sediment-matrix, whereas len-
soidal, bulbous or lobate shapes were only
observed in breccia containing a fine-
grained sediment-matrix. The clast margins
commonly show evidence for quenching
(Plate IIF). The sediment component is in-
durated or partially replaced by secondary
minerals (Plates IIE and IIF). Evidence for
bedding is absent in the coarse sediment-
matrix, whereas bedding in fine-grained
sediments is destroyed or intensely con-
torted. The interfingering of the volcani-
clastic rocks with the coherent lava, the in-
duration of the sediment, and the quenching
of the lava suggest that the sediment-matrix
monomictic breccia facies formed as a
peperite.
In situ monomictic brecciafacies
The in situ monomictic breccia facies is
typified by a chaotic and very poorly sorted,
clast- to matrix-supported intemal organisa-
tion with jigsaw-fit textures (Plate IIH). The
clasts are blocky and have planar to cur-
viplanar margins. Individual clasts range in
size from a few millimetres to tens of centi-
metres. The clasts are petrographically
identical to the related coherent facies. The
monomictic breccia facies is interpreted to
have formed as in situ hyaloclastite.
5.2.2 Reworked volcaniclastic facies
In contrast to the juvenile rocks described
above, the reworked volcaniclastic facies
comprise volcanic rocks that are composed
of reworked clasts lacking evidence for hot
emplacement.
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Monomictic breccia-conglomerate facies
This facies comprises monomictic, poorly
sorted breccia-conglomerate (plate IIIA).
The breccia-conglomerate consists of pla-
gioclase-porphyritic dacite clasts that are
texturally identical to dacite DI. The clasts
range in size from a few millimetres to tens
of centimetres. The clasts are blocky and
angular with subrounded to rounded corners
suggesting that transport of the material oc-
curred. However, the close spatial associa-
tion of the monomictic breccia-conglo-
merate to the related coherent facies as well
as the strictly monomictic nature of the fa-
cies indicate that transport occurred only
over short distances. The breccia-
conglomerate is interpreted to represent a
talus breccia resulting from the local re-
working of jointed and/or quench frag-
mented lava of dacite DI.
Coarse quartz-feldspar crystal-rich sand-
stone and breccia
The coarse quartz-feldspar crystal-rich sand-
stone and breccia facies forms tabular and
massive beds. The beds are crystal-
supported (Plates IIIB and IIIe). The size of
the framework crystals is variable ranging
from approximately 0.5 to 8 mm. The rela-
tive abundance of crystals varies from ap-
proximately 30 to 80 %. Quartz crystals are
typically more abundant than feldspar crys-
tals. Quartz crystals have round shapes and
are commonly characterised by a distinctive
dark grey to deep blue colour. The feldspar
crystals and crystal fragments are subhedral
to slightly rounded and vary in colour from
white to pink l . The quartz and feldspar
crystals are contained in a matrix that con-
sists of white mica, chlorite, and quartz.
I Plagioclase and orthoclase crystals and crystal
fragments contained in the reworked volcaniclastic
fades are pervasively albitised hampering identifica-
tion of the primary feldspar mineralogy in hand
specimen.
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The coarse quartz-feldspar crystal-rich sand-
stone and breeda fades locally contains a
significant proportion of lithic fragments.
The c1ast population is distinctly polymictic.
Mudstone clasts are particularly common in
the fades. The irregular soft-state deformed
nature of these c1asts suggests that the mud-
stone was sourced from an unlithified sub-
strate. Other prominent c1ast types identified
are aphyric to moderately plagioc1ase/py-
roxene-porphyritic basalt and andesite,
aphyric to moderately feldspar-porphyritic
dacite, and moderately quartz- and feldspar-
porphyritic rhyolite c1asts. These c1asts have
blocky to well rounded shapes with sizes
ranging up to 15 cm. Particular genetic im-
plications has the observation that some
dacite clasts observed in the coarse quartz-
feldspar crystal-rich sandstone and breccia
fades are texturally identical to dacite 01.
These clasts are interpreted as redeposited
hyaloc1astite-derived from the dacite 01.
The coarse quartz-feldspar crystal-rich sand-
stone and breccia facies also contains minor
irregular domains of subhedral crystals set
in a white mica and chlorite-rich matrix.
These domains closely resemble altered and
compacted pumice clasts described from
other ancient volcanic terrains (AlIen,
1988). Quartz-hematite c1asts were locally
observed in the fades.
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Individual beds of the coarse quartz-feldspar
crystal-rich sandstone and breccia facies are
poorly sorted although weak grading with
clast-rich base and crystal-rich sandy tops is
common. The clast sizes typically decrease
towards the top of the beds. Intervals of
multiple beds of the coarse quartz-feldspar
crystal-rich sandstone and breccia facies
may exceed tens of metres in thickness. The
bed forms and grain size distributions of the
coarse quartz-feldspar crystal-rich sandstone
and breccia fades suggest transport and
deposition from gravity-driven, sandy-
gravelly subaqueous mass flows.
Coarse feldspar-quartz sandstone and brec-
ciafacies
The coarse feldspar-quartz sandstone and
breccia fades is characterised by thick mas-
sive beds. The beds are matrix- to crystal-
supported (Plates IIID and IIIE). The matrix
consists of white mica, chlorite, and quartz
and probably resembles former glassy or
pumiceous material. Coarse feldspar and
quartz crystals contained in the fades range
in size from I to 8 mm. The relative abun-
dance of the crystals and crystal fragments
varies from 10 to 50 %. Feldspar crystals are
typically more conunon than quartz crystals.
Plate HI. A. Monomictic breccia-conglomerate comprising evenly feldspar-porphyritic dacite c1asts of the type
D 1 (WT24-433). The breccia is poorly sorted and c1ast supported. The larger clasts are angular with subrounded
to rounded comers or blocky. B. Coarse quartz-feldspar crystal-rich sandstone to breccia with abundant lithic
fragments (WT25-4 I8). The large orange evenly feldspar-porphyritic cIast is texturally identical to dacite of the
type D I. Other prominent components are rounded quartz crystals and sub-angular feldspar crystals. C. Coarse
quartz-feldspar crystal-rich sandstone to breccia (WT16-343). Dominant components are rounded grey to bluish
grey quartz crystals and sub-angular pale to pink feldspar crystals, accompanied by a fine, white mica and chlo-
rite-rich matrix. D. Coarse feldspar-quartz sandstone to breccia (WTlO-87). The sample is poorly sorted, matrix-
supported, and contains abundant sub-angular pale to pink feldspar crystals and minor rounded quartz crystals.
The matrix is rich in white mica and chlorite that probably originated from glassy material. E. Coarse feldspar-
quartz sandstone to breccia with abundant rounded to sub-angular feldspar crystals and crystal fragments
(WT23-343). Original glassy material in the matrix was probably transformed to white mica and chlorite during
burial diagenesis or metamorphism. F. Dark greenish grey and laminated to very thinly bedded fine sandstone
(WT25-357). Rare chloritic wisps may represent fonner glass shards. Diagenetic pyrite is abundant. G. Lami-
nated fine sandstone with dark greenish grey, greenish black, and greenish brown beds (WTI6-355). H. Greenish
black and massive mudstone (WT5- I36). The sample contains rare diagenetic pyrite. Scale bar is 2 cm in all
pictures.
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5 Volcanic Facies Architecture
Feldspar forms subhedral crystals and an-
gular crystal fragments, whereas quartz is
typified by round crystal shapes, The quartz
commonly has a distinctive dark grey to
deep blue colour.
The lithic c1asts contained in the coarse
feldspar-quartz sandstone and breccia were
derived from a range of sources, The most
abundant clasts originated from an un-
lithified mudstone substrate, Other clast
types recognised include aphyric to weakly
plagioclaseipyroxene-porphyritic basalt and
andesite clasts, aphyric to moderately feld-
spar-porphyritic dacite clasts, and rare
quartz- and feldspar-porphyritic rhyolite
clasts, These clasts have subrounded to
rounded shapes and range in size from 2 to
20 cm,
Individual beds of the coarse feldspar-quartz
sandstone and breccia facies are poorly
sorted and exhibit a weak normal grading,
Amalgamation of individual beds is com-
mon, The main interval of the coarse feld-
spar-quartz sandstone and breccia facies is
approximately 30 to 50 m thick. The internal
organisation of the facies suggests transport
and deposition from gravity-driven, sandy-
gravelly subaqueous mass flows,
Fine sandstone facies
The fine sandstone facies is typified by beds
of quartz-feldspar crystal-rich sandstone
(Plates IllF and IllG), Beds of the fine sand-
stone facies are crystal-supported, The
quartz and feldspar crystal fragments con-
tained in this facies are rounded, moderately
sorted, and closely packed, The crystal
fragments range in size from approximately
0, I to I mm. Their relative abundance varies
from 60 to 90 %, The matrix is rich in white
mica and ch10rite,
Intervals of the fine sandstone facies have a
thickness ranging from tens of centimetres
to several metres, The beds range from mas-
68
sive to normal-graded, The bed forms sug-
gest that the volcaniclastic material forming
this facies was transported by gravity-
driven, subaqueous mass flows,
Mudstone facies
This facies consists of packages of lami-
nated, very thinly to thinly bedded, or mas-
sive fine-grained material (Plate IllH), The
mudstone facies consists of rare quartz and
feldspar crystal fragments with rounded
shapes set in a matrix that contains white
mica, chlorite, and quartz, Greenish grey to
dark greenish grey mudstone occurs in thin
intervals typically ranging in thickness from
several centimetres to tens of centimetres,
Greenish black mudstone forms intervals of
typically several metres, In contrast to the
coarser volcaniclastic facies described
above, deposition of the mudstone took
place by suspension sedimentation,
5.3 Spatial arrangement of the volcanic
fades
The spatial distribution of the principal fa-
cies in the Waterloo sequence is constrained
by drill core cross sections constructed on
the basis of the logging results (Appendix
B), Representative cross sections showing
the distribution of the volcanic facies in the
different parts of the deposit are given in the
Figures 5-2 to 5-4. A plan view at 200 (±
25) m RL is shown in Figure 5-5.
5.3.1 Footwall sequence
The footwall of the deposit consist of a thick
sequence (>200 m) of coherent andesite and
minor in situ monomictic breccia facies
(Figure 5-2 to 5-5). The only two dacite
emplacement units identified in the footwall
of the Waterloo deposit occur at section
19,300 mE. The base of the andesitic facies
association was not intersected by the ex-
5 Volcanic Facies Architecture
isting exploration drill core. The texture and
mineralogical composition of the coherent
andesite and related juvenile clastic facies
change as a function of the alteration style
and intensity. Propylitic-altered andesite in
the lower part of the footwall sequence
(outer footwall alteration halo) exhibits
abundant relict volcanic textures including
evenly distributed plagioclase phenocrysts
and flow aligned quartz-chlorite-filled
amygdales. Least altered andesite grades
into weakly to moderately phyllic-altered
equivalents that are typified by domainal
alteration defined by phyllosilicate-rich and
phyllosilicate-poor domains. Plagioclase
phenocrysts contained in the phyllosilicate-
rich domains are partly replaced by white
mica and quartz (± calcite), whereas plagio-
clase in the phyllosilicate-poor domains is
well preserved.
The upper part of the footwall sequence is
characterised by intense hydrothermal al-
teration and strong deformation (inner foot-
wall alteration halo). Contact relationships
between moderately phyllic-altered andesite
and intensely phyllic-altered equivalents are
gradational. The zone of intense alteration
underlying the massive sulphides exhibits a
semiconformahle zonation defined by phyl-
lie (locally phyllic-argillic) and silicic-
altered rocks (Figure 5-3). Textural identifi-
cation of the precursor material was re-
stricted to few locations within the silicic-
altered zones. The presence of faint pheno-
crysts and siliceous kernels resembling
amygdales suggests that these rocks largely
represent altered equivalents to the facies
association recognised in the lower parts of
the footwall sequence. However, some
phyllic-altered and intensely deformed rocks
contain rare relict quartz crystals suggesting
that coarse quartz-bearing volcaniclastic
rocks or rhyolitic coherent rocks are locally
present in the intensely altered parts of the
footwall sequence.
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5.3.2 Favourable horizon
The ore lenses are confined to a relatively
thin stratigraphic interval. In drill core, the
mineralisation typically overlies the silicic-
altered volcanic rocks (Figures 5-3 and 5-4).
Locally, strongly altered rocks showing rare
relict volcanic textures suggest a coarse vol-
caniclastic precursor material in the imme-
diate footwall to the ore. The immediate
hanging wall to the massive sulphide bodies
consists of phyllic-altered rocks lacking
relict volcanic textures (inner hanging wall
alteration halo). However, upwards the hy-
drothermal alteration decreases rapidly in
intensity and the upper limit of the favour-
able horizon is defined by the first occur-
rence of rocks showing abundant relict vol-
canic textures.
5.3.3 Hanging wall sequence
The lower portion of the hanging wall se-
quence (outer hanging wall alteration halo)
is dominated by the variably altered coarse
quartz-feldspar crystal-rich sandstone and
breccia facies forming a discrete marker
horizon (Figure 5-5). The thickness of the
facies varies rapidly along strike and up and
down dip (Figure 5-2 to 5-5). The hy-
drothermal alteration of the lower part of the
marker horizon was typically feldspar de-
structive resulting in phyllic alteration min-
eral associations. Lithic fragments contained
in the coarse quartz-feldspar crystal-rich
sandstone and breccia facies were entirely or
partially replaced by white mica-rich altera-
tion mineral associations. Primary textures
are well preserved in the upper part of the
marker horizon that is typified by moderate
to weak propylitic-alteration. Characteristic
alteration features are hematite dusting and
irregular epidote and chlorite patches. Re-
placement of the coarse sediments of the
marker horizon by massive hematite-chlorite
or chlorite-hematite associations was only
locally observed at 19,300 mE.
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5 Volcanic Facies Architecture
A dacitic emplacement unit (dacite D1) with
a relatively high aspect ratio occurs within
the coarse quartz-feldspar crystal-rich sand-
stone and breccia facies between 19,500 and
19,700 mE. The monomictic breccia-
conglomerate facies occurs in close spatial
association with this coherent dacite facies
on section 19,500 mE. Individua] dacite Dl
clasts were observed in the marker horizon
up to 200 m away from the coherent facies.
The lower portion of the dacite emp]ace-
ment unit was subject to intense and textur-
ally destructive hydrothermal alteration and
now consists of phyllic alteration mineral
associations. Primary volcanic textures are
typically preserved in the propylitic-a]tered
upper portion of the emplacement unit
where hematite is an important alteration
mineral. The abundance of white mica, chlo-
rite, and epidote in the devitrified ground-
mass is variable and pseudoclastic textures
are common.
The top part of the coarse quartz-feldspar
crystal-rich sandstone and breccia broadly
coincides with the upper limits of the hy-
drothermal hanging wall alteration. The
coarse sediment of the marker horizon are
overlain by an interval dominated by fine
sandstone and greenish black mudstone. The
fine-grained sediments contain a number of
basaltic to andesitic emplacement units.
Peperitic contact relationships between the
coherent facies and the enclosing sediments
are common. The upper part of the hanging
wall sequence is dominated by the coarse
feldspar-quartz sandstone and breccia. Al-
though the different lithologies in the upper
part of the hanging wall sequence were not
affected by hydrothermal alteration, rocks of
this stratigraphic interval are typified by a
propy]itic mineral association presumably
resulting from regional alteration.
The volcaniclastic rocks are overlain by an
interval dominated by coherent andesite and
basalts and related juvenile volcaniclastic
rocks such as sediment-matrix monomictic
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breccia and in situ monomictic breccia. In-
dividua] coherent units are frequently inter-
calated with thin intervals of reworked vol-
caniclastic facies such as fine sandstone and
mudstone. Dacite only occurs in the upper-
most part of the hanging wall sequence on
the sections ]9,500 and ]9,900 E. The vol-
canic rocks in this andesite-dominated inter-
val are characterised by a propylitic altera-
tion mineral association.
5.4 Principal facies associations
A common facies association in the Water-
loo deposit comprises various combinations
of aphyric to porphyritic coherent facies and
related juvenile volcaniclastic rocks. The
juvenile volcaniclastic rocks associated with
the coherent facies are principally composed
of hydroclastically fragmented volcanic
particles indicating a subaqueous environ-
ment of formation.
The relationship between the coherent facies
and the related juvenile volcaniclastic facies
can be used to distinguish between intrusive
and extrusive emplacement of the lava
(Allen, 1992). In the case of the basaltic and
andesitic units, both types of emplacement
processes were observed. Intrusion into the
enclosing sequence was a common em-
placement process as suggested by the
abundant occurrence of peperite at the top
and margins of individual emplacement
units because peperite provides evidence for
mixing of lava with wet and unconsolidated
sediment (Fisher, 1960; Schmincke, ]967;
Hanson and· Schweickert, 1982; Busby-
Spera and White, ]987; Bull and Cas, 1989;
Figure 5-5: 200 (±25) m RL plan view showing the
distribution of volcanic facies, the drill hole traces,
and the location of the E-W striking normal fault
(svmbols as in Figures 5-2 to 5-4).
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explosive fracturing and disintegration of
quenched lava (Pichler, 1965; Honnorez and
Kirst, 1975; Kokelaar, 1986). The observed
facies associations as well as the size of the
individual emplacement units suggest that
basalt and andesite at Waterloo primarily
formed as sills, partly emergent sills, and
massive, sheetlike lava flows (Figure 5-6).
in silu hyaloelastite
pe~.~
Figure 5-6: Character and arrangement of volcanic
fades developed in association with basic to felsic
Iavas (modified from McPhie et aI., 1993).
The emplacement processes of the dacite
units D1 was determined unambiguously
due to the association between the coherent
facies and related juvenile and reworked
volcaniclastic rocks. The peperitic top con-
tact of dacite Dl suggests that the lava in-
truded into the wet and unconsolidated am-
bient sediment. The marker horizon was
significantly domed upwards due to the in-
trusion of the dacitic emplacement unit. The
occulTence of resedimented hyaloclastite
and talus breccia suggests that the dacite
lava breached the sediment to emerge at the
ancient seafloor. The emerging parts of the
dacitic lava were quench fragmented in
contact with the ambient cold seawater.
Fragments of the quenched dacite were
transported down slope and incorporated
into the coarse sediments of the marker ho-
rizon. Collapse and local reworking of
jointed and/or quench fragmented dacite
resulted in the formation of the monomictic
breccia-conglomerate facies located proxi-
mal to the related coherent facies (Figure 5-
6).
A second common group of facies associa-
tions comprises successions of nonnal-
graded coarse sandstone and breccia facies
that are interbedded with fine sandstone or
greenish grey to dark greenish grey mud-
stone. The extensive reworking of the com-
ponents, the polymictic clast compositions,
and the crystal-rich nature of the coarse
sandstone and breccia facies suggest that
this facies association is (?syn- to) post-
elUptive. Although the relative abundance of
crystal fragments is different in the volcani-
clastic facies, the source vents located out-
recleposilecl
h)'lIloclaslile
amblenl ~ctljm~nt
pepeflle
peperite
ill sim hy;.loclll5lile
talu5breecja~
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McPhie et aI., 1993; Hunns and McPhie,
1999; White et aI., 2000). Additional criteria
used to identify intrusions include the pau-
city of resedimented hyaloclastite at the top
and margins of many coherent facies, and
the local presence of chilled margins. How-
ever, individual emplacement units may
have breached the seafloor as indicated by
the presence of in situ hyaloclastites at the
top margins of the emplacement units. In
situ hyaloclastites originated from non-
5 Volcanic Facies Architecture
side the study area were probably relatively
similar in composition. The size of the
crystals in the coarse sandstone and breccia
facies suggests that the volcanic debris was
derived from coarse rhyolite porphyries. The
large crystals are likely to have been liber-
ated from the porphyritic magmas by either
explosive eruption or by intense quench
fragmentation (Cas, 1992). If the crystals
and crystal fragments represent juvenile
pyroclasts, the vents were probably located
in a subaerial to shallow-water environment
(McBimey, 1963). The relatively small vol-
ume of material representing glass shards
and pumice may indicate that the crystal-
rich fraction was separated from the pumi-
ceous material either during the eruption or
the subsequent transport to the site of depo-
sition (Cas, 1983; Sparks and Wilson,
1983). Although the composition of the
source of the interlayered beds of fine sand-
stone was probably similar to that of the two
coarse sandstone and breccia facies, the vol-
canic debris was subject to more extensive
reworking as evidenced by the fine-grained
nature of this facies and the shape of the
quartz and feldspar grains. The greenish
grey and dark greenish grey mudstone that
occurs between the sandstone beds is also
interpreted to be of volcaniclastic origin.
Mudstone in these intervals is interpreted to
have deposited through settling of fine mate-
rial entrained in the dilute currents trailing
the sediment gravity flows. Alternatively,
the greenish grey and dark greenish grey
mudstone may also represent a water-settled
fine-grained fall deposit.
5.5 Summary
The lower part of the Waterloo sequence
represents a submarine, non-explosive, near-
vent, andesite-dominated facies association
dominated by coherent volcanic rocks. This
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facies association in the stratigraphic foot-
wall of the massive sulphides was affected
by hydrothermal alteration yielding white
mica-rich alteration mineral associations. In
the periphery of the massive sulphides, relict
magmatic textures are typically preserved,
whereas hydrothermal alteration was textur-
ally destructive proximal to mineralisation.
The massive sulphide lenses are overlain by
intensely altered rocks that typically lack
relict volcanic textures. These rocks grade
upwards into weakly to moderately altered
mass flow-derived coarse quartz-feldspar
crystal-rich sandstone and breccia forming a
discrete marker horizon. The volcanic de-
tritus of this facies is interpreted to have
been derived from rhyolite porphyries lo-
cated outside the study area. The coarse
sediment of the marker horizon was intruded
by a partly emerging feldspar-porphyritic
dacite cryptodome. The intrusion of the
dacite caused a significant up-doming of the
overlying sediment. The emplacement of the
dacite cryptodome broadly coincided with
the waning stage of the hydrothermal activi-
ties in the Waterloo area.
The volcanic rocks in the lower part of the
hanging wall sequence are overlain by hy-
drothermally unaltered volcanic facies. The
principal facies in this interval of the Wa-
terloo sequence are fine sandstone and mud-
stone that have been intruded by syn-
sedimentary basaltic and andesitic sills. This
period of relatively quite sedimentation was
followed by the mass flow deposition of the
coarse feldspar-quartz sandstone and breccia
facies and the subsequent onset of a second
period of non-explosive volcanism forming
a basalt-andesite-dominated near-vent facies
association. This association comprises co-
herent volcanic rocks, sediment-matrix
monomictic breccia, and in situ monomictic
breccia facies forming sills, partly emergent
sills, and massive sheetlike lava flows.
6 PETROGRAPHY OF LEAST ALTERED VOLCANIC ROCKS
6.1 Introduction
Least altered volcanic rocks of the Waterloo
sequence have been subject to considerable
mineralogical modifications. These modifi-
cations are interpreted to be primarily re-
lated to regional alteration resulting from the
combined effects of devitrification, hydra-
tion, burial diagenesis, seawater interaction,
regional metamorphism, and deformation.
Hitherto, the petrography of the least altered
volcanic rocks of the Waterloo sequence has
not been studied in detail. The present re-
connaissance study, therefore, aims to (1)
determine the mineralogical composition of
the least altered coherent and reworked vol-
caniclastic facies, (2) to constrain the pri-
mary mineralogical composition of the vol-
canic rocks, and (3) to identify processes of
mineral transformation that occurred after
deposition of the volcanic facies. The recon-
struction of the primary mineralogical com-
position of the volcanic rocks hosting the
deposit represents a prerequisite for the de-
termination of hydrothermally induced min-
eralogical and textural changes.
6.2 Coherent volcanic rocks
Least altered coherent volcanic rocks from
the footwall and the hanging wall of the
Waterloo deposit are characterised by a pro-
pylitic mineral association and typically
show relict primary phenocryst and
groundmass textures. Moreover, primary
porosity is preserved in the form of amyg-
dales. However, the original phenocrysts are
pervasively altered to secondary minerals.
Additional secondary features identified
include the recrystallisation of the primary
glassy groundmass and the filling of the
vesicles.
6.2.1 Phenocrysts and porphyritic texture
Relict pyroxene phenocrysts were recog-
nised in coherent basalt and in some ande-
sites. These pyroxene phenocrysts are up to
5 mm in size and are entirely replaced by
actinolite, lesser chlorite, and variable
amounts of epidote (plate IVA). Secondary
actinolite is commonly blocky with pleo-
chroism varying from colourless to pale
green. Some dacites also contain pseudo-
morphed ferromagnesian phases (pyroxene
or amphibole) that are up to 3 mm in size.
Primary euhedral to subhedral plagioclase
phenocrysts and glomerocrysts occur in co-
herent basalt, andesite, and dacite. The pla-
gioclase phenocrysts are evenly distributed
in the finer grained groundmass. The size of
the plagioclase phenocrysts is variable and
ranges from <0.5 mm to 4 mm. Primary
plagioclase phenocrysts or glomeroclysts
contained in the coherent rocks are perva-
sively replaced by secondary albite (plates
IVB and lYC). The albite exhibits a dusky
brown CL emission.
Replacement of primary plagioclase by epi-
dote is widespread in coherent basalt and
andesite as well as in some dacites (Plate
IVD). The secondary epidote forms fine-
grained, murky granular aggregates and,
more rarely, prismatic crystals. Epidote re-
placement of individual plagioclase pheno-
crysts and glomerocrysts commonly pro-
ceeded from the core to the rim or along
fractures. In extreme cases, entire pheno-
crysts and glomerocrysts are altered to epi-
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dote. Epidote is characterised by patches of
yellowish green and dusky brown CL col-
ours. In addition to epidote, albitised feld-
spar may contain irregular patches of secon-
dary calcite exhibiting a bright orange CL
emission. Primary inclusions in plagioclase
phenocrysts and glomerocrysts are replaced
by chlorite and quartz.
6.2.2 Groundmass mineralogy
Primary groundmass crystals are texturally
well preserved. The groundmass of coherent
basalt and andesite consists of fine- to me-
dium-grained interlocking feldspar crystals
and may contain interstitial ferromagnesian
phases (Plate IVE). Pyroxene in the
groundmass is entirely replaced by fine-
grained secondary minerals. In some least
altered coherent rocks, groundmass crystals
define a flow foliation. The groundmass of
coherent dacite comprises intergrown mi-
crocrystalline quartz and feldspar (Plate
IVF).
Primary plagioclase crystals in the ground-
mass of the coherent rocks are pervasively
replaced by secondary albite. The secondary
albite is typified by a dusky brown CL col-
our. Calcite forms tiny inclusions in the al-
bitised plagioclase crystals. Primary mag-
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matic apatite is present in all samples inves-
tigated. It shows bright greenish-yellow CL
colours and may exhibit oscillatory zoning
(Plate IVG). Titanite was commonly ob-
served in basalts and andesite forming fine-
grained dusky granules. Titanite is inter-
preted to represent an alteration product of
primary Fe-Ti oxides.
The groundmass of the least altered mafic
coherent volcanic rocks commonly contains
an association of fine-grained secondary
minerals including actinolite, epidote, and
quartz. Actinolite is present as needles in the
matrix of least altered mafic rocks. Epidote
is an important component of the ground-
mass of basalts and andesites, but also fre-
quently occurs in dacites. It forms fine-
grained aggregates and irregular patches and
is typified by domains of yellowish green
and dusky brown CL emission (plate IVH).
Fine-grained quartz is abundantly present in
the groundmass of the coherent volcanic
rocks, especially in dacite samples. The
fine-grained quartz lacks a visible CL emis-
sion.
The only phyllosilicates recognised in least
altered coherent rocks are chlorite, phengite,
and muscovite. Chlorite is typified by brown
to blue-violet interference colours. Phengite
Plate IV: A. Uralitised pyroxene phenocrysts in coherent basalt (WT2-164). Pyroxene phenocrysts in coherent
basalt are entirely replaced by blocky actinolite and chlorite. The actinolite has a pleochroism varying from col-
ourless to pale green. Width of view 1.1 mm. PPL. B. Albitised feldspar pbenocrysts in coherent basalt (WT23-
114). The heterogeneously altered phenocrysts largely consist of albite with minor calcite and epidote. Width of
view 3.7 mm. PPL. C. Albitised feldspar phenocryst in coherent dacite of the type D1 (WT24-370). The feldspar
phenocryst is set in a fine matrix containing hematite. Width of view is 3.7 mm. CPL. D. Saussuritised plagio-
clase phenocryst in coherent dacite (WT25-139). The secondary epidote is fine-grained and forms murky aggre-
gates. Primary plagioclase is entirely albitised. Fonner glass inclusions in the plagioclase phenocryst now consist
of variable amounts of quartz and chlorite. Width of view 1.2 mm. CPL. E. Groundmass in coherent basalt is
typified by medium-sized interlocking feldspar crystals (WT23-227). Saussuritisation of feldspar is widespread.
Width of view 4 mm. CPL. F. Groundmass in coherent dacite largely consists of intergrown microcrystalline
feldspar and quartz as well as small aggregates of phengite and chlorite (WT25-11 0). The microcrystalline feld-
spar is pervasively albitised. Saussuritisation of the groundmass feldspar occurs locally. Width of view lA mm.
CPL. G. Euhedral apatite in coherent dacite (WT25-40 I). The apatite is typified by an irregular yellowish green
luminescence behaviour. Width of view 1.6 mm. CL. H. Secondary murky epidote in coherent andesite (WT9A-
162). The epidote shows greenish-yellow and dusky brown CL colours. Calcite shows an intense orange lumi-
nescence. Width of view 1.6 mm. CL.
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Figure 6-1: Proportion of minerals in least altered coherent volcanic rock as detennined by the Rietveld method
using X-ray diffraction data.
occurs in propylitic·altered coherent rocks
that were not subject to hydrothennal al·
teration, whereas muscovite is present in
least altered rocks from the outer alteration
halo. Additional secondary minerals in the
least altered coherent rocks are calcite and
pyrite. Calcite occurs as disseminated small
aggregates and patches throughout the
groundmass of the different coherent vol·
canic rocks. Euhedral crystals of secondary
pyrite are locally present in coherent basalt
and andesite.
6.2.3 Vesicular porosity
The primary vesicular porosity of coherent
basalts and andesites is estimated to have
ranged from <1 to 15 vol.%. The size of the
amygdales in these rock types ranges from 2
to 20 mm. Dacite from the Waterloo se·
quence is non· to weakly amygdaloidal with
a maximum vesicular porosity of 3 vol.%.
The amygdales in dacite are usually smaller
«5 mm) than those in the more mafic rocks.
The shape of the amygdales varies from
circular to ellipsoidal. Elongated amygdales
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Table 6w ]: Mineralogical composition of representative least altered coherent rocks from the Waterloo sequence.
Basalt Andesite (Iow-Ti) Andcsite (high-Ti) Dacitc
WT2- WT2- WT25- WT2- WTI6- WTB- WT9A- WT9A- WT25- WT24- WT25- WT25-
103 227 280 176 132 140 126 162 372 470 139 162
Act wt.% 3.6±O.6 11.3±O.7 2.2±O.5
Alb 26.2±J.1 20.9±O.9 23.5±1.0 39.6±1.0 50.3±1.1 30.8±O.9 29.3±O.9 24.J±O.9 51.4±J.O 36.2±O.9 45.5±O.9 1O.5±O.8
Ap O.3±O.2
C,I 1.7±O.2 5.5±OA 1.9±O.3 2.8±OA 3.5±O.5 3.2±O.3 3.1±O.3 7.5±O.5 1.7±O.3 2.9±OA 2.4±O.2
Chi 25.5±2.2 37.3±1.9 27.6±J.7 25.9±J.1 21.7±O.9 22.7±1.3 23.3±O.9 30.2±1.6 19.9±O.8 11.4±O.7 J4.7±O.8 5.0±O.5
Ep 18A±J.O 16.4±O.8 21.2±O.8 7.0±O.8 23.2±O.8 16.2±O.7 t8A±O.8 4.3±O.7 5.9±O.7 11.0±O.6
H,m J.I±O.2
Ms IO.5±I.l
Ph, 7.4±1.3 20.0±O.9
Py 2.5±O.2
Qt, 22.I±O.9 17.7±O.7 12.3±O.5 24.3±O.7 15.0±O.6 18.1±O.6 24.6±O.5 21.0±O.7 19.I±0.5 34.I±O.8 28.7±O.6 48.9±O.8
Rt O.7±O.2
Tt, 2.5±O.5 2.2±O.5 2.2±O.3 3.0±O.5 3.4±O.5 3.2±O.5 1.8±O.6 2.3±O.5 2.2±O.6
Notes: Two different types of andesites can be distinguished on the basis of the Ti02 content (see Chapter 7).
Act = actinolite, aIb = albite, ap = apatite, cal = calcite, chi = chlorite, ep = epidote, hem = hematite, ms = mus-
covite, phn = phengite, py = pyrite, qtz = quartz, rt = rutile, ttn = titanite, - =: not detected or not present.
and trails of amygdales frequently define a
flow foliation.
Former vesicles contained in the least al-
tered coherent rocks are filled with secon-
dary minerals. Common amygdale associa-
tions are epidote-quartz and quartz-chlorite.
Amygdales may show concentrical zona-
tions. Epidote typically forms prismatic
clystals or fan-like aggregates growing from
the amygdale walls into open space. Quartz
in the amygda1es lacks a visible CL signal.
Amygdales entirely consisting of calcite
were also observed.
6.2.4 Phase abundances
Basalt and andesite are distinguished from
dacite on the basis of the relative abundance
of minerals as determined by the Rietveld
method using X-ray diffraction patterns
(Figure 6-1 and Table 6-1). Actinolite was
detected by this method in basalt and some
andesite samples. The actinolite content in
these rock types ranges from 2 to 13 wt.%.
The mafic rocks are also typified by sub-
stantial amounts of epidote, whereas dacite
commonly shows elevated concentrations of
quartz with minor epidote. The abundance
of phengite (or muscovite) and chlorite in
the coherent rocks is also related to the bulk
composition. Basalt and andesite abundantly
contain chlorite (6 to 40 wt.%), whereas
elevated phengite or muscovite concentra-
tions (2 to 35 wt.%) and typically lower
amounts of chlorite (5 to 16 wt.%) are char-
acteristic for dacite (Figure 6-1).
6.3 Reworked voIcaniclastic rocks
Combined petrographical and mineralogical
investigations were also carried out on least
altered reworked vo1caniclastic rocks from
the Waterloo sequence. Although the re-
worked volcaniclastic facies identified in the
Waterloo sequence differ in grain size, clast
population, and internal organisation, the
crystals and crystal fragments as well as the
fine-grained matrix of the different re-
worked volcaniclastic facies are similar in
nature. Least altered reworked volcaniclastic
facies are typified by propylitic alteration
mineral associations.
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6.3.1 Crystals and crystal fragments
Quartz crystals and crystal fragments are a
principal component of all reworked vol-
caniclastic facies. Quartz forms rounded
grains or occurs as angular fragments (Plate
VA). Large quartz grains contained in the
coarse quartz-feldspar crystal-rich sandstone
and breccia and the coarse feldspar-quartz
sandstone and breccia facies are commonly
embayed. Some of these quartz crystals still
have portions of the original fine-grained
volcanic groundmass attached to them (Plate
VB). Fractured quartz grains exhibiting jig-
saw-fit textures are common. The quartz
crystals and crystal fragments are texturally
unaltered and exhibit blue to violet CL col-
ours (Plate VC).
Feldspar grains are present in variable
amounts in the samples investigated. The
crystals are subhedral to slightly rounded
(Plate VD). Feldspar crystal fragments con-
tained in the reworked volcaniclastic facies
have angular to rounded shapes and fre-
quently appear mottled in thin section (Plate
VEl. Feldspar is typically pervasively albi-
tised and exhibits a dusky brown CL colour
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(Plate VEl. Comparably unaltered plagio-
clase and orthoclase crystal fragments are
rare. Least altered feldspar grains display
bright blue to violet or dark green CL col-
ours (plate VF). Feldspar crystals and crys-
tal fragments contain calcite, chlorite, and
quartz inclusions. Replacement of primary
plagioclase by epidote is not uncommon in
the resedimented volcaniclastic facies.
Apatite occurs as an accessory mineral in all
volcaniclastic samples investigated. The
apatite crystals and crystal fragments have
subangular to rounded shapes and are usu-
ally smaller than 100 flm in size. Based on
their luminescence properties, two apatite
types can be distinguished. One type of apa-
tite has a bright yellowish green CL colour.
The yellow tint fades during continuous
irradiation and the grains then appear bright
green. The second type of apatite is charac-
terised by a bright green colour having a
reddish brown tint that is stable during con-
tinuous electron bombardment. In some
cases, the bright green apatite with the red-
dish brown tint is rimmed by yellowish
green apatite. Rare primary growth zoning
occurs in both apatite types (plate VG).
Plate V: A. Quartz crystals and crystal fragments contained in fine sandstone (WT23-208). The grains have
rounded shapes suggesting extensive reworking of the volcaniclastic material. Width of view 1.0 mm. CPL. B.
Quartz in a coarse feldspar-quartz sandstone (WT23-343). The grain is embayed and still has original ground-
mass attached to it. In the CL image, the quartz is characterised by blue to violet colours and shows internal
fracturing. Width of view 0.75 mm. PPL (left) and CL (right). C. Quartz and feldspar in a coarse quartz-feldspar
crystal-rich sandstone (WT22-329). Quartz grains are typified by blue to violet CL colours. Note the in situ
fracturing of the quartz grains. Feldspar grains are pervasively albitised and exhibit a dusky brown CL colour.
Tiny calcite inclusions in the albitised feldspar are bright orange. Apatite is yellowish green. Width of view 1.6
mm. CL. D. Quartz and feldspar in a coarse quartz-feldspar crystal-rich sandstone (WT2-353). The relatively
welt rounded feldspar grains are pervasively albitised. Width of view 5.0 mm. CPL. E. Feldspar in a coarse feld-
spar-quartz sandstone (WT23-343). The feldspar appears mottled in thin section. Albitisation resulted in dusky
brown CL colours. The albitised feldspar contains tiny calcite inclusions that have a bright orange CL emission.
Width of view 0.75 mm. PPL (left) and CL (right). F. Least altered feldspar in fine sandstone (WT23-208). Least
altered plagioclase and orthoclase have blue to violet and green CL colours, whereas albitised feldspar is char-
acterised by a dusky brown CL. Quartz crystals and crystal fragments exhibit dark blue to violet CL colours.
Apatite displays yellowish green or reddish brown CL colours. Width of view 1.6 mm. CL. G. Apatite in fine
sandstone facies typically forms elongated or rounded grains (WT24-35I ). The apatite in the left picture has a
yellowish green CL colour. The yellow tint fades during continuous irradiation, The grain in the right picture has
a reddish brown core and a yellowish green rim. Width of view 350 Ilm. CL. H. Fine-grained matrix in mud-
stone containing quartz and feldspar grains (WT2-338). A continuous cleavage is defined by preferred orienta-
tion of phengite and chlorite. Width of view 1.1 mm. PPL.
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Figure 6-2: Proportion of minerals in least altered reworked volcaniclastic rock samples as detennined by the
Rietveld method using X-ray diffraction data.
Zircon was also frequently observed in the
reworked volcaniclastic rocks. Zircon grains
have rounded shapes and are typically
smaller than 100 Jlm. Some grains show
homogeneous cores and oscillatory zoned
rims. The CL colours of zircon varied from
dark bluish to bright blue. Rutile is an addi-
tional abundant accessory mineral in the
reworked volcaniclastic rocks and formed as
an alteration product of primalY Fe-Ti ox-
ides,
6.3.2 Matrix composition
The fine-grained matrix of the reworked
volcaniclastic facies contains substantial
amounts of quartz, white mica, chlorite,
calcite, and epidote (plate VH), Fine-
grained quartz in the matrix of the reworked
volcaniclastic facies lacks a visible CL sig-
nal. Phengite is the only white mica occur-
ring in propylitic-altered reworked volcani-
clastic rocks that were not affected by
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Table 6-2: Mineralogical composition of representative least altered reworked volcaniclastic rocks from the
Waterloo sequence.
Coarse qtz-fdsp crystal-rich Coarse fdsp-qtz sand- Fine sandstone Mudstone
snndstonc and brcccia stone and brcccia
WT2- WT5- WTI6- WT2- WT23- WT25- WT2- WT23- WT25- WT2- WT2- WT25-
353 (56 338 315 322 33" 345 368 318 280 338 408
Albwl.% 23.2±O.9 43.3±O.9 37.5±1.I 11.6±O.8 16.6±O.9 22.3±1.3 11.5±O.8 IO.2±O.8 11.8±O.7 IO,I±O.6 13.2±O.8
C,I 7.3±OA 1.6±O.3 2.2±O.3 2.8±O.3 IA±a.3 6.5±O.6 4.2±O.3 2.5±O.3 4.7±OA O.7±O.2 1.5±O.3 1.2±O.2
Chi 6.7±O.5 6.0±O.7 8.2±O.S IO.8±O.6 7.t±O.5 24.8±4.2 5.2±O.5 5.5±O.5 5.9±O.6 12.5±O.7 13,8±O.7 11.2±O.6
Ep 3.0±O.6 IO.5±O.7 O.9±O.8 3.9±O.6
M, 24.l±O.9 7.6±O.7 8.5±1.2
0, 1.6±O.6 3.2±O.7
Phn 29.t±O.9 n.6±1.0 18.6±2.0 30.9±O.8 30.2±O.S 31.6±O.9 34.9±1.1 40.J±O.9 33.3±O.9
Py O.8±O.2
Qtz 34.9±O.8 3J.OiO.7 42.li1.O 45.7iO.8 46.8±O.9 27.8il.7 48.2±O.8 51,6±O.8 57.8±O.8 36.9±O.8 32.6±O.7 40.5±O.7
RI O.8iO.3 0.6±O.3 O.9±O.2 O.6±O.2
Notes: Alb =: albite, cal =: calcite, chi = chlorite, ep =: epidote, ms = muscovite, or = orthoclase, phn =: phengite,
py =: pyrite, qtz =: quartz, rt = rutile, - = not detected or not present.
hydrothermal alteration, whereas muscovite
is present in propylitic-altered volcaniclastic
from the outer hanging wall alteration halo.
The fine-grained matlix of the reworked
volcaniclastic facies also contains small
spots and patches of secondary calcite that
exhibits a bright orange CL colour. Epidote
is commonly present in the matrix of re-
worked volcaniclastic rocks, especially in
coarse-grained facies as well as indurated
mudstone. The epidote is typified by patchy
yellowish green or brown CL colours.
Pyrite frequently occurs in the reworked
volcaniclastic facies and is particularly
abundant in the mudstone facies. Pyrite
cubes and aggregates are up to several mil-
limetres in size. The presence of quartz fi-
bres, white mica, and chlorite in strain
fringes around pyrite indicates that the rigid
pyrite cubes formed prior to the develop-
ment of the foliation, probably during di-
agenesis. In some mudstone samples inves-
tigated, pyrite is coated by fine-grained cal-
cite.
6.3.3 Phase abundances
The phase abundances in samples from the
different reworked volcaniclastic facies are
highly variable (Figure 6-2 and Table 6-2).
The samples contain substantial amounts of
quartz (28 to 64 wt.%), phengite or musco-
vite (8 to 49 wt.%), and chlorite (2 to 25
wt.%). Although albite was observed in
samples from all facies, this mineral is par-
ticularly abundant in the coarse quartz-
feldspar crystal-rich sandstone and breccia
facies. In least altered samples from this
facies, albite occurs in concentrations up to
43 wt.%. Epidote was only detected in some
samples, whereas calcite is present in all
reworked volcaniclastic facies.
6.4 Constraints on mineral transforma-
tions
The petrographic and mineralogical charac-
teristics described above demonstrate that
two different types of primary components
can be distinguished: (I) minerals that ap-
pear to be largely unaffected by regional
alteration, i.e., by the combined effects of
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devitrification, hydration, burial diagenesis,
seawater interaction, regional metamor-
phism, and deformation, and (2) primary
components that are irreversibly transferred
to secondary minerals.
Quartz crystals and crystal fragments con-
tained in the volcaniclastic facies are textur-
ally well preserved. Moreover, the thermal
and chemical overprint associated with al-
teration processes related to post-
depositional processes of the quartz did not
result in changes of the CL properties be-
cause the quartz crystals and crystal frag-
ments exhibit the blue to violet CL colours
typical for pristine quartz phenocrysts from
acidic volcanic rocks (Ramseyer et aI.,
1988; G6tze et aI., 200 la). Similarly, the
primary CL colours of zircon and apatite
grains contained in the least altered volcanic
rocks were not affected by the post-
depositional processes. Primary zoning is
typically well preserved.
Significant mineralogical changes in the
volcanic rocks of the Waterloo sequence
resulted from the irreversible conversion of
pyroxene to secondary, typically hydrous,
minerals. Pyroxene contained in the coher-
ent basalts and andesites is entirely urali-
tised, i.e., replaced by actinolite and lesser
chlorite indicating that peak metamorphism
reached greenschist facies conditions. Al-
though this process is based on the hydra-
tion of pyroxene, the net uralitisation may
have involved a dehydration of the volcanic
rocks because the formation of actinolite
may be associated with the decomposition
ofchlorite (Fagan and Day, 1997).
In contrast to the uralitisation of pyroxene,
albitisation of feldspar proceeded without
disruption of the primary texture. However,
the albitisation was accompanied by
changes of the CL properties. Unaltered
plagioclase and orthoclase contained in vol-
canic rocks of the Waterloo sequence are
characterised by blue, violet, or greenish CL
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colours, whereas albitised feldspar is typi-
fied by a dark brown CL colour. A similar
change of the CL behaviour of feldspar in
response to albitisation has been reported by
Ramseyer et al. (1992) to occur during bur-
ial diagenesis. The observation that albitisa-
tion of feldspar is widespread at Waterloo
suggests that the propylitic-altered volcanic
rocks were subject to pronounced Na meta-
somatism.
Albitisation of plagioclase in the volcanic
rocks was accompanied by the redistribution
of Ca into secondary minerals such as cal-
cite, epidote, and titanite. In particular, saus-
suritisation of primary plagioclase was
commonly observed in the mafic rocks of
the Waterloo sequence. The mineralogical
redistribution of Ca is also evident in the
more acidic rocks because former plagio-
clase grains abundantly contain tiny calcite
inclusions. It appears, therefore, likely that
the conversion of primary plagioclase to
secondary albite, epidote, and calcite pro-
ceeded by coupled reactions as suggested by
Krautner (1987).
The present study demonstrates that primary
Fe-Ti phases like titanomagnetite and il-
menite were transformed to secondary min-
erals including titanite or rutile. Titanite was
only observed in mafic coherent rocks,
whereas rutile is the principal Ti-bearing
phase in dacites and volcaniclastic sedi-
ments of the Waterloo sequence. The for-
mation of titanite in the basalts and ande-
sites was probably promoted by Ca released
during albitisation of plagioclase.
The destruction of minerals like titanomag-
netite, ilmenite, and pyroxenes during the
post-depositional processes involved the
oxidation of the ferrous iron contained in the
volcanic rocks. Ferric iron was incorporated
in secondary minerals like epidote. The CL
microscopy revealed that secondary epidote
shows patchy greenish and dusky brown CL
colours, presumably due to the inhomoge-
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neous distribution of Fe3+ within the epidote
grams.
Recrystallisation of volcanic glass produced
substantial amounts of phengite, chlorite,
and quartz in the least altered volcanic
rocks. Depending on the initial composition
of the glass, different relative amounts of
these minerals were formed. This explains
the observation that chlorite is more abun-
dant in the mafic volcanic rocks, whereas
phengite occurs in elevated concentrations
in the more acidic volcanic rocks. Recrys-
tallisation of the volcanic glass is inferred to
have proceeded through a prograde se-
quence of minerals. Chlorite may have
originated from trioctahedral smectite
through mixed-layer chlorite/smectite,
whereas phengite formed from dioctahedral
smectite through mixed-layer illite/smectite
and illite (Hower et aI., 1976; Ransom and
Helgeson, 1993; Robinson et aI., 1993;
Robinson and Bevins, 1994; Hillier, 1995;
Schiffman and Staudigel, 1995; Bettison-
Varga and MacKinnon, 1997). The CL
properties of fine-grained quartz interpreted
to be derived from the recrystallisation of
volcanic glass significantly differs from
primary quartz contained in acidic volcanic
rocks suggesting that CL microscopy can be
effectively applied to distinguish quartz of
different origins.
6.5 Summary
The petrographic and mineralogical investi-
gations on the least altered rocks from the
Waterloo sequence demonstrate that a range
of primary minerals as well as any silicate
glass contained in the volcanic rocks trans-
formed irreversibly to secondary mineral
associations during regional alteration that
was caused by the combined effects of de-
vitrification, hydration, burial diagenesis,
seawater interaction, regional metamor-
phism, and deformation. The observed min-
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eralogy of the least altered rocks is consis-
tent with peak metamorphic conditions of
the lower greenschist facies.
In coherent volcanic rocks, primary pheno-
crysts and groundmass textures are typically
well preserved. The most important min-
eralogical changes identified in the coherent
volcanic rocks are uralitisation of pyrox-
enes, albitisation and saussuritisation of pla-
gioclase, conversion of primary Fe-Ti ox-
ides to titanite or rutile, recrystallisation of
volcanic glass, and filling of the primary
vesicular porosity. Primary magmatic apa-
tite contained in coherent volcanic rocks is
texturally unaltered.
In the reworked volcaniclastic facies, crystal
grains and crystal fragments are preserved,
whereas volcanic glass, interpreted to have
been contained in the volcaniclastic sedi-
ments, is entirely replaced by secondary
minerals including quartz, phengite, and
chlorite. Quartz, apatite, and zircon crystals
and crystal fragments are texturally unal-
tered, whereas most feldspar grains are per-
vasively altered to secondary albite. Rutile
contained in the volcaniclastic rocks is in-
terpreted to have been derived from the al-
teration of primary Fe-Ti phases.
The mineralogical changes identified can be
related to chemical processes that took place
during regional alteration. These chemical
processes included a conversion of anhy-
drous primary minerals to mainly hydrous
secondary minerals as well as profound Na
metasomatism as evidenced by the wide-
spread albitisation of primary feldspars. Ca
released during albitisation of primary pla-
gioclase was redistributed into secondary
minerals such as calcite, epidote, and titan-
ite. Another important chemical process
identified is the oxidation of ferrous iron
contained in the volcanic rocks yielding
secondary minerals rich in ferric iron such
as epidote.
7 PETROCHEMISTRY OF LEAST ALTERED VOLCANIC ROCKS
7.1 Introduction
Petrochemical studies on volcanic rocks
hosting massive sulphide deposits are con-
sidered to represent a powerful tool to de-
tennine the magmatic affinities of coherent
volcanic rocks and the provenance of re-
worked volcaniclastic facies (Lesher et aI.,
1986; Crawford et aI., 1992; Barrett et aI.,
1993; Barrie et aI., 1993; Syme and Bailes,
1993; Lentz, 1998, 1999). The petrogenesis
of the volcanic rocks hosting the massive
sulphide deposits of the Seventy Mile Range
Group is constrained by the regional studies
of Berry et al. (1992) and Stolz (1995). As a
part of this thesis, the petrochemical char-
acteristics of the least altered volcanic rocks
from the Waterloo sequence were studied to
(1) compare the composition of the coherent
volcanic rocks at Waterloo with the regional
data provided by Berry et al. (1992) and
Stolz (1995), (2) to geochemically constrain
the provenance of the reworked volcani-
clastic facies, and (3) to detennine the
magmatic affinity of the volcanic rocks
hosting the Waterloo deposit. The detailed
characterisation of least altered volcanic
rocks of the Waterloo sequence is also con-
sidered to be essential for the detennination
of chemical changes related to the hy-
drothennal alteration.
7.2 Constraints on the data
The petrographic study of the least altered
rocks of the Waterloo sequence revealed
that regional alteration resulted in signifi-
cant mineralogical changes. This alteration
is also likely to have caused changes of the
primary chemical composItIOn of the vol-
canic rocks. In particular, the concentrations
of elements such as K, Rb, Ba, and Sr are
unlikely to reflect the primary abundances,
whereas minor and trace elements such as
Se, Ti, Cr, Y, Zr, Nb, the REEs, and Th
probably have concentrations close to or
identical to their original values (MacLean
and Kranidiotis, 1987; Whitford et aI., 1988;
Barrett et aI., 1993; MacLean and Barrett,
1993). Therefore, relatively immobile ele-
ments were preferably used to constrain the
magmatic affinity of the volcanic rocks. All
major element data were recalculated to 100
% anhydrous to compensate for variable loss
on ignition values.
7.3 Coherent volcanic rocks
Infonnation on the composition of the pro-
pylitic-altered coherent volcanic rocks from
the Waterloo sequence were derived by
chemical analysis of the samples that were
petrographically described in the previous
chapter. Chemical analyses of representative
samples are given in Table 7-1.
The coherent volcanic rocks from the Wa-
terloo sequence can be classified on the ba-
sis of the total alkali versus silica (TAS)
diagram because this plot proved to be par-
ticularly useful to determine the alkalinity
and the degree of magma differentiation in
fresh volcanic rocks (Le Maitre et aI., 1989).
Figure 7-1 shows that the textural rock clas-
sification used during volcanic facies log-
ging is consistent with a classification based
on the total alkali and silica whole rock con-
centrations, i.e., the volcanic rocks hosting
the deposit belong to a basalt- andesite-
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Tablc 7-1: Chemical composition of representative least altered coherent rocks from the Waterloo sequence.
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Basalt Andcsltc (Iow-Ti) Andesite (high-Ti) Ducile
WT2- WT2- WT25- WT2- WTI6- WT23- WT9A- WT9A- WT25- WT24- WT25- WT25-
103 227 280 176 132 140 126 ]62 372 470 139 162
Si02 wt.%
Ti02
AhO)
Fe20)
MnO
MgO
C,O
Nu20
K20
P20S
Scppm
V
C,
N;
Cu
Zn
A,
Rb
S,
Y
Z,
Nb
B,
Pb
8;
Th
Ti/Zr
NblY
59.24
0.76
15.74
9.87
0.12
3.72
7.05
3.27
0.09
0.13
31
288
5
3
115
69
4
I
429
13
45
3
322
3
<2
3
101.9
0,23
54.36
0.77
16.77
11.71
0.17
4.55
8.69
2,77
0.10
0,11
42
338
14
6
124
78
<3
3
281
11
35
2
42
3
<2
2
131.5
0.18
52.58
0.80
17.01
12.20
0.14
5.10
8.95
3.00
0.07
0.14
41
350
14
7
123
84
<3
<I
392
11
38
2
67
4
<2
3
125.4
0.18
61.73
0.67
16.48
9.32
0,10
4.14
2.12
4.64
0.69
0.10
39
311
17
6
87
75
<3
20
178
11
48
4
150
3
<2
4
83.5
036
56.53
0.76
19.08
9.99
0,09
3.43
3.86
5.92
0.17
0.17
31
281
14
9
133
84
<3
3
15'
17
76
5
58
8
<2
4
59.6
0.29
57.25
0.86
17.42
9.80
0.11
3.20
7.21
3.69
0.]0
0.15
32
335
5
5
149
89
7
4
613
13
52
1
234
3
<2
3
99.3
0.23
59.15
1.20
15.48
9.85
0.19
3,49
6.73
3.60
0.02
0.30
27
234
9
5
57
96
4
<I
141
26
87
5
48
4
<2
2
82.4
0.19
55,81
1.35
16.83
10.47
0.18
3.8!
7.65
3,46
0.10
0.34
29
228
9
6
56
118
11
I
436
28
99
6
134
8
<2
2
81.5
0.21
58.82
LlD
15.91
10.56
0.21
2,41
4.77
5.81
0.08
0.33
32
162
3
<I
95
122
<3
3
281
22
95
10
76
5
<2
6
69.4
0.45
67.81
0.66
15.56
5.52
0.05
2.65
2.13
4.72
0.74
0.16
20
83
3
2
3
141
6
18
208
27
134
8
185
5
<2
7
29.6
0.30
65.20
0.67
14.91
7,26
0,09
2.17
3.71
5.13
0.66
0.19
22
98
2
I
14
75
<3
11
152
19
97
6
146
3
<2
7
41.4
0.32
72.96
0.37
13.29
3.88
0.09
1.17
4.26
1.46
2.44
0.08
11
10
2
<I
5
54
5
71
237
23
128
8
439
3
<2
7
17,4
0.35
Notes: Chemical analyses were recalculated to 100 % anhydrous.
dacite suite. Rhyolites 1 were not recorded to
occur at Waterloo (except for clasts con-
tained in the coarse quartz-feldspar crystal-
rich sandstone and breccia facies and the
coarse feldspar-quartz sandstone and breccia
facies). The compositional range of the co-
herent volcanic rocks from the Waterloo
sequence broadly corresponds to that of
samples collected by Berry et al. (1992) and
Stolz (1995). The TAS diagram of the re-
gional data shows a silica gap between ap-
proximately 60 and 65 wt.% Si02 • This gap
may either result from bias during regional
sampling or, alternatively, represents a pri-
I Sto!z (1995) tenned the most acidic rocks of the
Seventy Mile Range Group high-silica dacites. This
term is not useful as a facies term because high-silica
dacite is texturally difficult to distinguish from rhyo-
lite (Simpson, pers. comrn.),
mary feature of the coherent volcanic rocks
of the Trooper Creek Formation.
The scatter of the data points in Figure 7-1
suggests that the total alkali contents of the
whole rock samples were at least partially
modified during regional alteration. Alkali
mobility in the least altered coherent rocks
is also evident from a diagram displaying
the total alkali content plotted against the
K20 ratio (Figure 7-1). Hughes (1973)
showed that this plot can be used to dis-
criminate samples with alkali concentrations
approximating the original igneous values
from samples that are likely to have been
affected by processes modifYing the original
alkali concentrations. Figure 7-1 demon-
strates that even least altered coherent rocks
from the Waterloo sequence experienced Na
metasomatism as already suggested from the
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I'hollohlo
"
". ro-----------------~ rence of neither the low-Ti nor the high-Ti
andesites is restricted to a particular strati-
graphic position in the Waterloo sequence
although high-Ti andesites are especially
common in the footwall. The low-Ti coher-
ent volcanic rocks from the Waterloo se-
quence appear to have a relatively constant
TiO, content over the silica range of 45 to
60 wt.%, whereas the Ti02 content de-
creases significantly at higher Si02 concen-
trations. The results of the regional studies
by Berry et al. (1992) and Stolz (1995)
demonstrate that low-Ti and high-Ti ande-
sites are also present at other positions
within the Trooper Creek Formation (Figure
7-2).
In contrast to Ti02, Harker variation dia-
grams of AhO] and Fe20] reveal a continu-
ous decrease in the concentrations of these
major elements with increasing silica con-
tents (Figure 7-2). Basalts and andesites
from Waterloo have relatively high AhO]
concentrations of 15.5 to 22.0 wt.%. The
whole rock AhO] contents decrease moder-
ately with increasing SiO,. The Fe20] con-
centrations in the basalts and andesites are
in the range of approximately 7.3 to 14.9
wt.% and decrease to levels of approxi-
mately 4.0 to 6.0 wt.% in dacite. The varia-
tion trends of AhO] and Fe20] of samples
from Waterloo closely resemble that of the
regional data (Figure 7-2).
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Figure 7-1: Total alkalis versus silica diagram and
total alkali concentration versus K.20 ratio plot for
least altered coherent rocks from the Waterloo
sequence. Hatched areas represent variations of
coherent volcanic rocks sampled from the Trooper
Creek Formation between Waddis Mill and Sun-
rise Spur (Berry et aI., 1992; Sto1z, 1995).
petrographic investigations. Comparison to
geochemical data of coherent volcanic rocks
collected from other parts of the Trooper
Creek Formation also suggests K,O deple-
tion and Na20 enrichment in the rocks in-
vestigated (Beny et aI., 1992; Stolz, 1995).
The systematic variations of the other major
elements as functions of Si02 are shown in
Figure 7-2. From the Harker variation dia-
gram of Ti02 it is clear that low-Ti «1.0
wt.% Ti02) and high-Ti andesites (>1.0
wt.% TiO,) can be distinguished. The occur-
MgO and CaO also decrease continuously as
functions of Si02 (Figure 7-2). Basalts from
the Waterloo sequence are characterised by
MgO contents ranging from approximately
2.6 to 7.2 wt.%. The MgO contents decrease
continuously with increasing Si02 to levels
of 0.9 to 2.7 wt.% in the dacites. The CaO
concentrations decrease from approximately
10.0 wt.% in the basalts to 3.0 wt.% in the
felsic rocks from the Waterloo sequence.
However, the scatter in the CaO values is
comparably large suggesting that mobility
of this element may have occurred during
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Figure 7-2: Harker variation diagrams of least altered coherent volcanic rocks from the Waterloo sequence.
Hatched areas represent variations of coherent volcanic rocks sampled from the Trooper Creek Formation be-
tween Waddy's Mill and Sunrise Spur (Berry et aI., 1992; Stalz, 1995).
regional alteration. The MgO and CaO ver-
sus SiO, data of samples from Waterloo plot
into the fields defined by samples collected
by Berry et aL (1992) and Stolz (1995).
The P,Os contents of the coherent volcanic
rocks from the Waterloo sequence are dif-
ferent for low-Ti and high-Ti samples. The
P,Os contents of the low-Ti rocks increases
slightly with SiO, to a maximum of -0.25
wt.% at -65 wt.% SiO,. A further increase
in SiO, is coupled with a rapid decrease in
P,Os. The high-Ti andesites are character-
ised by P,Os concentrations that typically
exceed 0.25 wt.%, whereas low-Ti andesites
have P,Os contents of 0.10 to 0.20 wt.%
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Figure 7-3: Trace element variation diab1famS of least altered coherent volcanic rocks from the Waterloo se-
quence. Hatched areas represent variations of coherent volcanic rocks sampled from the Trooper Creek Fonna-
tion between Waddy's Mill and Sunrise Spur (Berry et aI., 1992; Stolz, 1995),
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(Figure 7-2). Pronounced P,O, enrichment
in the high-Ti andesites was not previously
noted by Berry et al. (1992) and Stolz
(1995).
Figure 7-4: TilZr versus SiO, plot for least altered
coherent rocks from the Waterloo sequence. Hatched
areas represent variations of coherent volcanic rocks
sampled from the Trooper Creek Fonnation between
Waddy's Mill and Sunrise Spur (Berry et aI., 1992;
Stolz, 1995). Symbols as in Figure 7-3.
The Y and Zr whole rock concentrations
broadly increase with increasing SiO, con-
tents. High-Ti andesites are typified by ele-
vated Y and Zr concentrations when com-
pared to rocks of similar silica contents. The
concentrations of these elements plot into
the fields defined by Berry et al. (1992) and
Stolz (1995) suggesting that the magmatic
processes resulting in an increase of Y and
Zr in the acidic volcanic rocks were similar
in different parts of the Trooper Creek For-
mation.
Some acidic rocks collected from other parts
of the Trooper Creek Formation also show
low Cu contents when compared to the ma-
fic coherent rocks. In contrast to Cu, the
whole rock Zn concentrations remain rela-
tively unchanged throughout a SiO, range of
45 to 60 wt.% and only slightly decrease
with increasing silica contents (Figure 7-3).
Some high Zn concentrations were observed
for the high-Ti andesites.
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The concentrations of Sc and V in the vol-
canic rocks from Waterloo are relatiyely
constant at a SiO, concentration range of 45
to 60 wt.%, whereas rocks with higher silica
contents exhibit low Sc and V values. The
low-Ti and high-Ti andesites cannot be dis-
tinguished on the basis of their Sc and V
concentrations (Figure 7-3). The variation of
Sc and V as functions of the SiO, content
plot into the fields defined on the basis of
the regional data. The highest Cr and Ni
contents observed in coherent rocks from
the Waterloo sequence occur in the basalts,
whereas andesite is typified by moderate Cr
and Ni contents. The more silicic rocks of
the Waterloo sequence have Cr and Ni con-
centrations close to the detection limits
(Figure 7-3).
The whole rock Cu concentrations are con-
stant at a SiO, range of 45 to 60 wt.%,
whereas more silicic rocks are typified by
distinctly lower Cu contents (Figure 7-3).
The studies by Berry et al. (1992) and Stolz
(1995) demonstrated that the contents of the
immobile elements Ti02 and Zr provide a
particularly useful classification scheme for
the coherent volcanic rocks from the Sev-
enty Mile Range Group because the Ti/Zr
ratio correlates negatively with SiO,. It was
suggested that the approximate Ti/Zr
boundary between andesite and basalt is at
100, whereas dacites are characterised by
Ti/Zr ratios below 40. Rhyolites from the
Trooper Creek Formation have SiO, con-
tents of >70 wt.% and display consistently
lower Ti/Zr ratios of 10 to 20. Figure 7-4
shows that the basalt and andesite samples
from the Waterloo sequence broadly con-
form to this classification although some
basalt samples are characterised by incon-
sistently high SiO, concentrations. Aphyric
to feldspar-porphyritic dacites from Water-
loo have Ti/Zr ratios of 15 to 40 (Figure 7-
4).
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Table 7-2: Chemical composition of representative least altered reworked volcaniclastic rocks from the Water-
loo sequence.
Coarse quartz-feldspar Coarse feldspllor-quartz Fine sandstone Mudstonc
crystal-rich sandstone and sandstone and brecda
brcccla
WT2~ WTS- WTI6- WT2- WT23- WT25~ WT2- WT23- WT25- WT2- WT2- WT25-
353 156 338 315 322 339 345 368 318 280 338 408
Si02wt.% 67.54 68.98 73.40 70.41 73.35 63.31 73.43 75.16 74.43 67.26 63.60 68.57
Ti02 0.43 0.38 0.34 0.58 0.53 0.50 0.45 0.39 0.43 0.71 0.79 0.66
AbO} 16.03 16.09 13.89 15.33 13.48 15.96 13.57 13.37 [2.43 16.30 18.59 16.28
FC20) 3.97 3.92 3.69 4.74 3.81 7.10 3.45 2.91 3.73 6.10 7.18 5.55
MnO 0.19 0.10 0.06 0.05 0.07 0.10 0.07 0.05 0.06 0.07 0.05 0.06
MSO 1.27 1.14 1.23 2.29 1.72 3.31 1.43 1.70 1.98 2.70 2.88 2.40
CaO 5.22 3.33 1.86 1.95 2.20 4.53 2.80 1.72 3.20 0.98 1.19 0.99
Na20 3.16 5.21 4.72 1.53 2.13 3.39 1.46 1.30 0.19 1049 1.31 1.86
K,O 2,10 0.75 0.74 3.02 2.61 1.68 3.20 3.27 3.43 4.24 4.22 3.49
P20s O.OS 0.09 0.07 0.09 0.09 0.12 0.14 0.12 0.11 0.13 0.19 0.15
Scppm 14 11 10 13 10 26 12 11 13 15 20 16
V 49 40 46 50 35 179 37 35 66 89 139 76
C, 5 5 5 4 4 44 32 30 16 78 115 70
NI 3 2 2 I 2 10 14 10 6 29 36 29
Co 2 3 4 21 28 35 13 13 16 32 63 14
Zn 57 70 54 56 53 61 68 54 47 89 116 118
Rb 70 23 22 96 96 59 123 123 117 151 160 139
S, 480 820 262 101 218 154 126 84 68 70 71 88
y 15 9 11 30 33 15 32 29 20 33 33 33
Z, 90 53 63 228 226 99 242 242 136 175 151 206
Nb 6 3 4 16 15 7 13 12 10 17 16 16
Ba 485 224 196 781 1255 144 1,076 1,076 456 703 1,122 887
TilZr 28.9 42.8 32.4 15.3 14.2 30.5 11.1 9.8 19.0 24.5 31.3 19.3
NblY 0.40 0.33 0.36 0.53 0.45 0.47 0041 0041 0.50 0.52 0.48 0048
Notes: Chemical analyses were recalculated to 100 % anhydrous.
7.4 Reworked volcaniclastic rocks
The major and trace element contents of the
reworked volcaniclastic facies were con-
strained by chemical analysis of the propy-
litic-altered samples described in the previ-
ous chapter in the context of the pet-
rographic investigations. Representative
whole rock analyses are given in Table 7-2.
Geochemical provenance analysis of the
volcaniclastic rocks from the Waterloo se-
quence has to take into account that the
composition of the reworked volcaniclastic
rocks may be strongly influenced by sedi-
mentary processes modifying the primary
signature of the volcanic source. However,
the chemical signatures of mafic and acidic
source rocks from the Trooper Creek For-
mation are substantially different allowing
some constraints on the provenance of the
volcaniclastic material. For instance, the
Ti02 concentrations of the reworked vol-
caniclastic facies indicate a relatively acidic
composition of the volcanic source (Figure
7-5). The Ti02 contents of the reworked
volcaniclastic rocks generally decrease with
increasing Si02 values due to the diluting
effect of quartz. The Ab03 concentrations in
the reworked volcaniclastic facies vary from
approximately 10.2 to 18.6 wt.% reflecting
variations in the phyllosilicate and feldspar
contents of these rocks. The Ab03 contents
of the samples from the different reworked
volcaniclastic facies are comparable to those
of acidic coherent rocks from the Trooper
Creek Formation.
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Figure 7-5: Major element variation diagrams of least altered reworked vo1caniclastic rocks from the Waterloo
sequence. I-latched areas represent variations of coherent volcanic rocks sampled from the Trooper Creek For-
mation between Waddy's Mill and Sunrise Spur (Berry et aL, 1992; Stolz, 1995),
The Fe203+MgO values of the mudstone
samples vary over a relatively wide range
from 2.3 to 10,8 wt.%, whereas the other
reworked volcaniclastic facies have more
restricted Fe203+MgO values that are typi-
cally below 7,0 wt.%, The Fe203+MgO val-
ues are elevated in reworked volcaniclastic
rocks containing a high proportion of chlo-
rite, whereas this parameter is low in quartz-
rich samples, The Fe,03+MgO values of the
samples from the reworked volcaniclastic
facies are consistent with an acidic prove-
nance of the volcaniclastic materiaL
The Na20 contents are typically low in the
reworked volcaniclastic facies, The lowest
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Figure 7-6: Trace element variation diagrams of least altered reworked volcaniclastic rocks from the Waterloo
sequence. Hatched areas represent variations of coherent volcanic rocks sampled from the Trooper Creek For-
mation between Waddy's Mill and Sunrise Spur (Berry et ai., 1992; Stolz, 1995).
NazO contents «2.0 wt.%) occur in the
mudstone samples, whereas feldspar-rich
samples of the coarser reworked volcani-
clastic facies have elevated (>3.0 wt.%)
Na20 contents. The K20 concentrations are
related to the white mica content of the re-
worked volcaniclastic rocks. Thus, elevated
K20 values (>3.0 wt.%) occur in the mud-
stone samples, whereas samples rich in de-
trital quartz and feldspar are typified by
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Figure 7-7: Ti/Zr versus SiO, plot for least altered
volcaniclastic rocks from the Waterloo sequence.
Hatched areas represent variations of coherent vol-
canic rocks sampled from the Trooper Creek Forma-
tion between Waddy's Mill and Sunrise Spur (Berry
et aI., 1992; Stolz, 1995). Symbols as in Figure 7-6.
The Y and Zr concentrations of the re-
worked volcaniclastic rocks are similar to
the contents of these elements in coherent
acidic rocks from the Trooper Creek For-
mation. Samples from the coarse quartz-
feldspar crystal-rich sandstone and breccia
facies are typified by low Y and Zr values
when compared to the other reworked vol-
caniclastic facies.
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An additional criteria that can be used to
determine the provenance of the volcani-
clastic rocks is the Ti/Zr ratio because this
ratio proved to be useful for classification of
the coherent volcanic rocks of the Trooper
Creek Formation. All volcaniclastic samples
investigated have Ti/Zr ratios below 40 sug-
gesting a dacitic to rhyolitic provenance
(Figure 7-7). Samples from the coarse
quartz-feldspar crystal-rich sandstone and
breccia and the coarse feldspar-quartz sand-
stone and breccia facies have Ti/Zr ratios of
15.7 to 42.8 and 15.3 to 30.5, respectively.
The analysed mudstones (Ti/Zr ranging
from 9.3 to 33.8) and fine sandstones (Ti/Zr
ranging from 9.4 to 19.0) cannot be distin-
guished on the basis of this immobile ele-
ment ratio.
The concentrations of Sc and V in the re-
worked volcaniclastic rocks of the Waterloo
sequence correlate positively with TiO,
suggesting that the amount of titanomag-
netite or ilmenite detritus controlled the
concentrations of these elements in the
sediments (Figure 7-6). The variations of Sc
and V as functions of the whole rock TiO,
content in the volcaniclastic rocks corre-
sponds closely to the variation trends of
these elements in the acidic volcanic rocks
from the Trooper Creek Formation. The Zn
whole rock concentrations also show a
strong correlation with TiO, (Figure 7-6).
The correlation suggests that Zn behaved in
an immobile fashion during regional altera-
tion. The Cr concentrations in the reworked
volcaniclastic rocks show a broad increase
with increasing MgO (Figure 7-6). In gen-
eral, samples from the mudstone and the
fine sandstone facies are typified by ele-
vated Cr contents when compared to the
coarser reworked volcaniclastic rocks from
the Waterloo sequence.
lower K,O values «3.5 wt.%). The alkali
concentrations of the reworked volcaniclas-
tic facies are likely to have been substan-
tially modified after deposition of the vol-
caniclastic material and cannot be used to
constrain the provenance of the material.
Moreover, the coherent volcanic rocks sam-
pled by Berry et al. (1992) and Stolz (1995)
from different parts of the Trooper Creek
Formation can also not be reliably used for
reconstruction of the alkali concentrations of
the volcanic source as shown above. In con-
trast, the P,Oj contents of the reworked vol-
caniclastic was probably not significantly
modified during regional alteration. Figure
7-5 shows that the P,Oj whole rock contents
correlate negatively with SiO,. The P,Oj
content of the reworked volcaniclastic facies
are similar to those of acidic coherent vol-
canic rocks from the Trooper Creek Forma-
tion.
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Figure 7-8: Plots of Si02 versus ZrITi02 and ZrITi02 versus NblY of least altered volcanic rocks from
the Waterloo sequence. Hatched areas represent variations of coherent volcanic rocks sampled from the
Trooper Creek Formation between Waddy's Mill and Sunrise Spur (Berry et al., 1992; Stolz, 1995), Sym-
bols as in Figures 7-3 and 7-6.
7.5 Magmatic affinity
The position of the data points in the total
alkali versus silica diagram presented in
Figure 7-2 suggests that the coherent vol-
canic rocks from the Waterloo sequence
belong to a subalkaline suite of basalts, an-
desites, and dacites. According to Peccerillo
and Taylor (1976), subalkaline series can be
further subdivided on the basis of their K20
and Si02 concentrations, However, because
the alkali concentrations of the volcanic
rocks of the Waterloo sequence are unlikely
to be similar to their original values, it is not
attempted here to distinguish between a low-
K, medium-K, or high-K affinity (Le Maitre
et al., 1989). However, based on the results
of the regional investigations, Berry et al.
(1992) suggested that the volcanic rocks
from the Trooper Creek Formation may
have low to medium-K affinities,
Winchester and Floyd (1977) established
that several immobile element concentra-
tions in volcanic rocks change systemati-
cally as a function of the alkalinity and the
degree of the magma differentiation, Thus,
geochemical parameters based on these im-
mobile elements and element ratios provide
reliable information on the magmatic affin-
ity of samples from ancient volcanic ter-
rams,
The subalkaline affinity of the volcanic
rocks inferred from the TAS diagram is sub-
stantiated by a SiO, versus Zr/TiO, plot
(Figures 7-8), The Zr/TiO, ratio is a good
measure of the degree of differentiation be-
cause of the overall decline of the Ti02
content in the differentiated rocks and the
incompatible nature of Zr, However, the
ZrITi02 ratio also increases with alkalinity
due to the pronounced enrichment of Zr in
alkaline rocks, The plot confirms that the
volcanic rocks of the Waterloo sequence are
members of a subalkaline magma series
(Figure 7-8). Reworked volcaniclastic rocks
from the Waterloo sequence have SiO, con-
centrations and Zr/TiO, ratios that are con-
sistent with a derivation of the volcanic1astic
material from a subalkaline relatively acidic
volcanic source that is compositionally
similar to the dacitic and rhyolitic rocks of
the Trooper Creek Formation.
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An additional tool to test the degree of alka-
linity of the rocks investigated is the NbN
ratio. Elevated whole rock NbN ratios re-
flect the high Nb concentrations in alkaline
suites. In contrast to the ZrlTiOz ratio, this
parameter is not sensitive to magma differ-
entiation (Winchester and Floyd, 1977).
Figure 7-8 shows that the least altered co-
herent volcanic rocks from the Waterloo
sequence also define a subalkaline trend in
this discrimination diagram. The basalts and
andesites investigated are characterised by
relatively low Zr/TiOz and NbN ratios,
whereas dacites have elevated Zr/TiOzratios
while retaining low NbN ratios. From Fig-
ure 7-8 it is clear that the reworked volcani-
clastic rocks define a narrow compositional
range corresponding to acidic rocks of a
subalkaline affinity.
7.6 Summary
Least altered volcanic rocks from the Wa-
terloo sequence retained a number of pri-
mary chemical signatures that were used to
constrain the magmatic affinities of coherent
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volcanic rocks and the provenance of re-
worked volcaniclastic rocks. It is shown that
the coherent volcanic rocks from the Wa-
terloo sequence belong to a subalkaline suite
of basalts, andesites, and dacites. The coher-
ent volcanic rocks exhibit continuous geo-
chemical variation trends suggesting that the
basalts, andesites, and dacites form a coge-
netic suite. The reworked volcaniclastic fa-
cies were sourced from felsic volcanism
chemically similar to dacites and rhyolites
of the Trooper Creek Formation. Mixing of
mafic and felsic volcaniclastic material can
be ruled out on the basis of the petrochemi-
cal signatures of the reworked volcaniclastic
facies.
The volcanic rocks hosting the Waterloo
deposit exhibit petrochemical signatures
identical to volcanic rocks sampled by Berry
et aI. (1992) and Stolz (1995) from different
stratigraphic positions within the Trooper
Creek Formation suggesting that the mag-
matic processes generating the volcanism
were similar throughout the volcanic belt
and continuous for a prolonged period of
time.
8 MINERALOGY OF THE HYDROTHERMAL ALTERATION HALO
8.1 Introduction
Alteration of the volcanic host rocks of the
Waterloo deposit represented an integral
part of the mineralising process because the
ascent of the mineralising hydrothermal
fluids to the seafloor was accompanied by
fluid-rock interaction. An initial study of the
footwall alteration halo has been conducted
by Huston et al. (1995). These authors have
delineated two mineralogically distinct al-
teration facies, namely a carbonate-pyrite-
white mica and a white mica-quartz-pyrite-
carbonate facies. In the present study, the
mineralogical composition of hydrother-
mally altered rocks sampled throughout the
footwall and the hanging wall alteration halo
of the deposit was studied in detail to follow
up the initial observations by Huston et al.
(1995) and to add new information on the
style of alteration in the hanging wall. The
aims of the present study were (I) to deter-
mine the mineralogical composition of the
hydrothermally altered wall rocks qualita-
tively and quantitatively, (2) to identify ac-
cessory mineral phases in the hydrothermal
alteration halo, and (3) to recognise min-
eralogical indicators of proximity to ore.
8.2 Alteration facies
Initial information on the style of hy-
drothermal alteration were collected during
logging of the diamond drill core by re-
cording the distribution and relative abun-
dance of alteration minerals. Four facies of
hydrothermal alteration were distinguished
during logging in the footwall of the Wa-
terloo deposit: (I) a propylitic alteration
facies, (2) a phyllic alteration facies, (3) a
phyllic-argillic alteration facies, and (4) a
silicic alteration facies. In the hanging wall
of deposit, two alteration facies were identi-
fied: (I) a propylitic alteration facies or (2) a
phyllic alteration facies.
The distribution of the alteration facies dis-
tinguished is shown on section 19,800 mE in
Figure 8-1. From this cross section it is ob-
vious that the alteration facies have a strong
zonation with respect to the massive sul-
phides. The alteration halo underlying the
massive sulphides is typified by a semicon-
formable zonation defined by a zone of si-
licic-altered rocks that is enveloped by a
zone of phyllic alteration. The outer foot-
wall alteration halo is characterised by pro-
pylitic-altered rocks. The inner alteration
halo in the hanging wall to the massive sul-
phides is typified by a phyllic alteration fa-
cies, whereas the outer hanging wall altera-
tion halo consist of propylitic-altered rocks.
8.3 Alteration mineral associations
Thin section inspection and XRD investiga-
tions of the altered samples collected
throughout the footwall and hanging wall of
the deposit revealed that the mineralogical
zonation of the alteration halo is more com-
plex than recognised during logging
(Monecke et aI., 2000, 200Ia,c). In particu-
lar, the occurrence and relative abundance
of different white mica species in the altera-
tion halo could only be determined using
XRD techniques.
The results of the quantitative phase analysis
of the altered rocks from the alteration halo
of the Waterloo deposit were used for hier-
archical cluster analysis by the Ward's
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Figure 8-1: Distribution of alteration facies on section 19,800 mE as determined by drill core logging.
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method (squared Euclidean distance) to
classify the samples numerically. The analy-
sis was performed on centred-log-ratio
transformed data to account for mathemati-
cally induced correlations resulting from the
constant-sum constraint (Aitchison, 1986).
The statistical analysis performed on the
samples collected from the footwall of the
deposit revealed that seven clusters can be
distinguished due to significant composi-
tional differences between individual groups
of samples (Figure 8-2). These composi-
tional differences are interpreted to reflect
variations in the styles and intensities of
hydrothermal wall rock alteration because
the samples investigated are alteration prod-
ucts of a mineralogically relative homoge-
neous, typically andesitic, precursor mate-
rial. The alteration facies identified in the
hanging wall of the Waterloo deposit were
subdivided into six alteration mineral asso-
ciations (Figure 8-3). The hierarchical clus-
ter analysis was conducted on the samples
from the altered marker horizon and the
dacite cryptodome because these two
lithological units are dominant in the imme-
diate hanging wall to the massive sulphides.
The dendrograms given in the Figures 8-2
and 8-3 show that the alteration mineral
associations distinguished represent min-
eralogical subdivisions of the alteration fa-
cies identified during core logging.
8.4 Alteration of the andesite-dominated
footwall sequence
Hydrothermal alteration of the volcanic
rocks in the footwall of the massive sul-
phides resulted in substantial mineralogical
changes. These alteration-induced composi-
tional changes and related textural modifi-
cations are discussed in turn for the seven
alteration mineral associations distin-
guished. The mineralogical compositions of
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representative samples are given in the Ta-
bles 8-1 and 8-2.
8.4.1 Propylitic alteration facies
The propyiitic alteration is defined by the
presence of albite, epidote, and chlorite as
major alteration phases. Although the tex-
ture of the propyiitic alteration facies varies
substantially, five main texture patterns
were frequently observed: (I) textures typi-
cal for least altered coherent volcanic rocks
lacking evidence for hydrothermal altera-
tion, (2) blotchy textures with lensoidal or
irregularly formed quartz-rich domains in an
apparently least altered matrix, (3) blotchy
textures with lensoidal or irregularly formed
epidote-rich domains and quartz-rich do-
mains, (4) pseudoclastic textures with
wispy, phyllosiiicate-rich domains and epi-
dote-rich domains, and (5) foliated textures
in white mica-bearing propylitic-altered
rocks. Different texture types commonly
occur within a single hand specimen. Pyrite
veinlets are locally abundant in the propyli-
tic-altered rocks.
On the basis of the XRD study, two altera-
tion mineral associations are distinguished:
(I) an association of albite, chlorite, epidote,
quartz, and calcite (abbreviated as PRf-l)
and (2) an association of consisting of albite,
chlorite, epidote, muscovite, paragonite,
quartz, calcite, and pyrite (abbreviated as
PRf-2).
Samples from the PRf-1 assoCIatIOn repre-
sent the least altered volcanic rocks of the
footwall sequence. The andesites belonging
to this alteration mineral association contain
24 to 62 wt.% albite. The albite represents
an alteration product of primary magmatic
plagioclase phenocrysts and laths contained
in the groundmass. Albitisation usually pro-
ceeded without notable textural modifica-
tions, but was commonly incomplete as evi-
denced by the elevated CaO contents of
some albite grains investigated. Albitised
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Figure 8-2: Dendrograrn resulting from hierarchical cluster analysis of the phase abundances of samples from
the andesite-dominated footwall of the Waterloo deposit (i.e., the phase abundances of albite, calcite, chlorite,
epidote, intermediate Na/K mica, kaolinite, muscovite, paragonite, pyrite, pyrophytlite, and quartz). The den-
drogram shows that seven alteration mineral associations can be distinguished.
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Figure 8~3: Dendrograrn resulting from hierarchical cluster analysis of the phase abundances of samples from
the hanging wall of the Waterloo deposit (i.e., the phase abundances of albite. carbonates, chlorite, epidote.
hematite, intermediate Na/K mica, kaolinite, muscovite, paragonite, quartz, and sulphides). The dendrogram
shows that six alteration mineral associations can be distinguished.
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plagioclase shows dusky brown CL colours.
Inclusions in albite consist of chlorite or
calcite. Calcite is typified by a bright orange
CL emission. Partial or complete replace-
ment of plagioclase by epidote is common.
FOlllier pyroxene phenocrysts now consist
of chlorite. In addition to albite, the
groundmass of the volcanic rocks typically
contains substantial amounts of epidote.
Epidote forms domains where primary vol-
canic textures are obscured by the massive
epidote overgrowth. Epidote is granular or
occurs as prismatic crystals comprising 6 to
38 wt.% of the samples collected from the
PRf-1 association. The distribution of iron
in individual epidote grains and aggregates
is inhomogeneous as evidenced by the
patchy green to dusky brown CL colours.
Epidote is commonly associated with calcite
that forms up to 7 wt.% of the whole rock
samples. The altered volcanic rocks of the
PRf-1 association contain 13 to 36 wt.%
chlorite. Chlorite occurs throughout the
groundmass of the propylitic-altered sam-
ples in association with albite and quartz,
but also represents the most common amyg-
dale filling. In addition, quartz forms ir-
regularly shaped domains and zones re-
placing the albite-rich groundmass of the
coherent volcanic rocks. Quartz in these
domains lacks a visible CL colour. The con-
centration of quartz in the whole rock sam-
ples ranges from 12 to 26 wt.%. Pyrite is an
additional common secondary phase com-
prising up to 3 wt.% of the samples investi-
gated.
Samples of the PRf-2 association contain
variable amounts of albite (3 to 43 wt.%)
depending on the degree of alteration. Pla-
gioclase phenocrysts and glomerocrysts in
samples of this alteration mineral associa-
tion are pervasively albitised and frequently
replaced by calcite. Although partial re-
placement of plagioclase phenocrysts and
glomerocrysts by epidote is not unusual in
samples from the PRf-2 association (plate
VIA), saussuritisation is not as widespread
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as in the least altered samples of the PRf-1
association. Another notable difference is
the appearance of white mica pseudomorphs
after plagioclase in samples of the PRf-2
association (Plate VIE). Former pyroxene
phenocrysts are usually replaced by chlorite
although remnant blocky actinolite was also
observed. The groundmass of the propylitic-
altered andesites shows substantial minera-
logical and textural changes in response to
hydrothermal alteration. The original
groundmass textures are typically only pre-
served in irregularly formed domains. These
albite-rich domains contain abundant murky
granular epidote and rare prismatic epidote
crystals. Epidote forms 1 to 25 wt.% of the
whole rock samples of the PRf-2 association
and is typically associated with calcite. Cal-
cite comprises up to 9 wt.% of the samples
investigated. Albite-rich domains also con-
tain substantial amounts of chlorite that fills
the interstitial space between interlocking
plagioclase laths. The whole rock chlorite
content ranges from 5 to 30 wt.%. The
originally plagioclase-rich groundmass is
partially replaced by zones containing sub-
stantial amounts of quartz and white mica.
The quartz content of samples from the PRf-
2 association ranges from 10 to 41 wt.%.
The fine-grained «20 fim) quartz lacks a
CL emission. Muscovite occurs in concen-
trations ranging from 2 to 26 wt.%, whereas
the paragonite content of the whole rock
samples varies between 3 and 12 wt.%. In-
termediate Na/K mica was only rarely de-
tected. White mica contained in the
groundmass of hydrothermally altered rocks
of the PRf-2 association represents an al-
teration products of plagioclase. Samples
containing substantial amounts of white
mica usually show a well defined cleavage
due to preferred orientation of the white
mica. Amygdales in the more intensely al-
tered rocks of the PRf-2 association are
commonly filled by quartz or calcite. The
samples contain abundant pyrite «8 wt.%)
forming trails of isolated euhedral crystals
or aggregates of intergrown crystals.
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Table 8-1: Mineralogical composition of representative propylitic- and phyllic-altered samples from the ande-
site-dominated footwall sequence.
PRf-1 PRf~2 PHf-1 PHf-2
WT9A- WT9A- WTI6- WTl6- WT16- WT22~ WT22- WT22- WT22- WTl6- WTl6- WTZ2-
100 144 210 14S 186 100 148 163 222 125 170 208
Alb wl.% 27.4:1:.0.8 23.9:1:0.9 61.9± 1.0 30.7:1: 1.0 20.8±1.0 19.8± l.l 38.4± l.l 22.0± 1.3 5.8±0.8
Ap 0.4±0.2
C,I 2.2±0.3 3.9±0.4 3.7±0.4 4.1±0.4 5.1±0.4 4.6±0.4 1.3±0.3 1.6±0.3 1.6±0.3 1.5±0.3
Chi 26.4±0.9 16.5±0.9 12.5±0.8 21.3±0.8 20.4±0.8 14.4±0.8 2.5±0.6 21.5±0.9 11.8±0.8 4.8±0.7 2.2±O.8 14.6±0.9
Ep 14,4±0.6 37.8±0.8 9.7±0.8 4.5±0.6 14.0:1:0.7 16.5±0.8
Im 5.3±2.2 7.7±2.3 11.3±2.2
M, 4.0±0.7 5.6±0.7 12.7±1,3 8.2±0.9 25.9±1.3 23.9±2.0 19.4±2.1 13.8±0.9
Pg 4.5±0.6 5.7±0.6 5.O±O.7 6.1±1.6 3.7±O.7 3.O±O.6 12.5±J.6 14.3±2.5 IO.O±O.8
Py O.2±O.1 3.9±0.2 2.6±0.2 14.8±OA 13.8±0.5 7.7±O.3 11.6±0.5 14.O±O.5 11.5±O.5
Qtz 25.7±O.6 14A±OA 12.2±0.5 27.0-.1:.0.7 27.7±O.7 37.I±O.9 18.7±O.6 28.1±O.8 43.6±1.0 37.1±1.0 37A±1.0 48.6±1.0
Rt O.7±O.2 O.2±O.1 J.1±OA O.6±O.2 O.9±O.3 IA±O.3 1.5±O.3
Ttn 3.3±OA 3.5±O.5
Notes: Alb = albite, ap = apatite, cal = calcite, chI = chlorite, ep = epidote, im = intermediate Na/K mica, ms =
muscovite, pg = paragonite, py = pyrite, qtz = quartz, rt =rutile, ttn = titanite, - = not detected or not present.
Titanite and rutile occur as minor phases in
the propylitic-altered rocks. Samples of the
PRf-1 association typically contain a higher
relative amount of titanite (up to 3.5 wt.%)
when compared to propylitic altered rocks
of the PRf-2 association. In contrast, rutile is
more abundant in samples of the PRf-2 as-
sociation (up to 1.0 wt.%). Titanite and ru-
tile fonn anhedral grains or pitted aggre-
gates distributed throughout the groundmass
of the altered coherent volcanic rocks (Plate
VIIA). However, titanite and rutile are also
frequently associated with pyrite forming
pseudomorphs after primary titanomagnetite
or ilmenite (Plate VIIB). Moreover, primary
pyroxene crystals are typically replaced by
aggregates of chlorite intergrown with rutile
or titanite. Apatite represents an additional
common accessory mineral in propylitic-
altered rocks. Magmatic apatite forms small
«30 Jlm), typically euhedral crystals (Plate
VIle). Chalcopyrite, galena, and sphalerite
occur in trace amounts in propylitic-altered
rocks of the PRf-2 association.
8.4.2 Phyllie alteration facies
Phyllic-altered wall rocks in the footwall of
the Waterloo deposit contain significant
amounts of white mica and chlorite. The
phyllic alteration resulted in substantial
textural modifications of the originally co-
herent volcanic rocks. Three main texture
patterns were frequently observed: (1)
weakly foliated rocks containing pseudo-
morphed white feldspar phenocrysts and
relict quartz amygdales, (2) moderately foli-
ated, phyllosilicate-rich rocks containing
circular to elongated siliceous kernels repre-
senting deformed amygdales, and (3)
strongly foliated, phyllosiiicate-rich rocks
lacking relict volcanic textures. The phyllic-
altered rocks exhibit either a slaty cleavage
or an anastomosing spaced cleavage de-
pending on the relative proportion ofphyllo-
silicates. Pyrite veins in the phyllic altera-
tion facies are typically subparallel to folia-
tion. Contacts to the adjacent propylitic al-
teration facies are gradational.
Based on the presence of albite and the oc-
currence of different dioctahedral mica spe-
cies, three mineralogically distinct alteration
mineral associations are distinguished: (I)
an association consisting of pyrite, musco-
vite, albite, chlorite, paragonite, intermedi-
ate NaIK mica, quartz, and calcite (abbrevi-
ated as PHf-I), (2) an association of pyrite,
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Table 8-2: Mineralogical composition of representative phyllic-, phyllic-argillic-, and
silicic-altered samples from the andesite-dominated footwall sequence.
PHf-3 PAr-l SIf-1
WT22- WT22- WT22- WT7- WTl6- WTI6- WT2- WTI6- WT22-
244 256 264 171 245 257 440 276 277
Chi wt.% 1.8±O.7 6.I±O.9 2.2±D.S
Im 8.2±2.1 8.3±1.2 8.S:!:l.3
Kin I.O±O.6 4.7±O.9 3,O±O.8
Ms 33.3±O.8 46A±J.J 38.3±O.9 lS.4±2.4 16.7±3.9 38.2±2.0 18.3±1.3 36.2±1.0 36.2±1.1
Pg 4.4±1.l 4.I±O.8
Py 11.0±0.3 12.5±OA 11.9±03 18.I±O.5 9.0±0.6 7.2±0.4 24.7±O.5 6.O±O.3 8.6±OA
Pd 3.6±O.8 11.7±1.6 5.I±I.O
QI, 53.2±O.8 35.0±O.9 47.l±O.7 47.8±l.O 48.3±2.2 31.4±1.0 56.6±J.O 56.8±J.O 54.7±1.0
RI O.7±O.2 O.5±O.2 1.5±OA 1.3±O.5 2.2±O.5 O.4±O.2 I.O±O.3 O.5±O.3
Notes: ChI = chlorite, im = intermediate Na/K mica, kin = kaolinite, ms = muscovite, pg
~ paragonite, py ~ pyrite, pr! ~ pyrophyllite, qtz ~ quartz, rt ~ rutile, - ~ not detected or
not present.
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paragonite, muscovite, chlorite, intermediate
NaIK. mica, and quartz (abbreviated as PHf-
2), and (3) an association composed of py-
rite, muscovite, chlorite, and quartz (abbre-
viated as PHf-3).
Samples of the PHf-1 association contain a
significant proportion of albite (2 to 43
wt.%) that represents an alteration product
replacing primary plagioclase laths. In some
cases, albitisation was incomplete. Relic
plagioclase containing several weight per-
cent CaO is characterised by greenish-
yellow CL colours, whereas entirely albi-
tised plagioclase grains exhibit a dusky
brown CL emission (Plate VIC). In addition
to albitisation, replacement of primary pla-
gioclase by fine-grained white mica and
quartz is common. Moreover, calcite fre-
quently pseudomorphs primary plagioclase
phenocrysts and glomerocrysts as well as
former plagioclase laths contained in the
groundmass of the phyllic-altered volcanic
rocks (Plate VID). Calcite also forms ir-
regular patches in the groundmass and fre-
quently fills amygdales (Plate VIE). The
calcite is typified by intense orange CL col-
ours and occurs in concentrations ranging
from 0.5 to 9 wt.%. In addition to calcite,
the groundmass of the phyllic-altered rocks
of the PHf-1 association contains significant
amounts of phyllosilicates and quartz. The
phyllosilicate species identified by XRD
include muscovite (I to 36 wt.%), chlorite
(3 to 22 wt.%), paragonite «I to 26 wt.%),
and intermediate NaIK. mica «5 wt.%). The
foliation of the phyllic-altered rocks is pri-
marily defined by the preferred orientation
of the phyllosilicates as well as a weak
shape-preferred orientation of quartz grains.
Quartz forms 19 to 52 wt.% of the volcanic
rocks investigated. The quartz lacks a visi-
ble CL colour supporting the assumption
that quartz is not a primary phase in the
phyllic-altered rocks. Samples of the PHf-1
association contain variable pyrite contents
ranging from 5 to 15 wt.%. The pyrite forms
disseminated euhedral grains or irregular
shaped aggregates. The rigid pyrite grains or
aggregates are frequently enclosed by strain
fringes consisting of quartz or white mica.
Samples of the phyllic PHf-2 mineral asso-
ciation are typified by a significant propor-
tion of phyllosilicates, whereas albite is ab-
sent. The most abundant phyllosilicates are
paragonite and muscovite forming 6 to 27
wt.% and 2 to 28 wt.% of the rocks, respec-
tively. Intermediate NaIK. mica occurs in
concentrations ranging from 2 to 13 wt.%.
The chlorite content varies from 2 to 28
wt.%. Chlorite is most abundant is samples
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containing low to moderate amounts of
white mica. Quartz is a major component
forming 31 to 49 wt.% of the rocks. In thin
section, phyllic-altered rocks of the PHf-2
association are characterised by a mosaic of
fine-grained «0.1 mm) quartz and variable
amounts of fine-grained «0.05 mm) phyllo-
silicates. The quartz and phyllosilicates are
evenly distributed and intergrown or form
planar interlayered quartz-rich and phyllo-
silicate-rich zones. Some samples of this
alteration mineral association are character-
ised by quartz-rich microlithons that are
enveloped by phyllosilicate-rich cleavage
domains. The quartz in the phyllic-altered
rocks exhibits no visible CL emission and
forms inequigranular, polygonal to interlo-
bate aggregates. Rare circular quartz aggre-
gates resemble former amygdales. The fine-
grained matrix frequently contains calcite
that is typified by an intense orange CL
emission. The pyrite content of the phyllic-
altered rocks of the PHf-2 association ranges
from I to 14 wt.%. Pyrite varies in size and
forms disseminated euhedral grains or trails
of intergrown aggregates. Pyrite grains
commonly display well developed strain
fringes composed of fibrous quartz, white
mica, or chlorite.
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Samples from the phyllic PHf-3 association
are texturally very similar to those of the
PHf-2 association hampering discrimination
of these alteration mineral associations in
thin section. However, the phyllic-altered
rocks of the PHf-3 association contain mus-
covite as the only white mica species (26 to
52 wt.%) and commonly contain lower chlo-
rite contents (2 to 13 wt.%). Quartz is an
additional abundant alteration product
forming 33 to 61 wt.% of the samples in-
vestigated. Quartz contained in the phyllic-
altered rocks of the PHf-3 association typi-
cally lacks a visible CL emission. However,
some larger quartz aggregates show irregu-
larly formed patches of bluish to red CL
colour suggesting that the quartz represents
a recrystallisation product of amorphous
silica or a SiO, polymorph (Gotze, pers.
comm. 2002). The concentration of pyrite in
the phyllic-altered rocks is variable and
ranges from approximately 3 to 21 wt.%.
Titanite represents a minor alteration phase
in phyllic-altered rocks of the PHf-l and
PHf-2 associations. It usually forms anhe-
dral grains or irregularly shaped aggregates.
Titanite frequently occurs in association
with chalcopyrite or pyrite pseudomorphing
Plate VI: A. Epidote replacement of primary plagiodase glomerocryst in a propylitic-altered rock of the PRf-2
association (WTl6-112). Width of view 3.5 mm. CPL. B. White mica replacement of primary plagioclase glo-
merocryst in propylitic-altered rock of the PRf-2 association (WT16-206). Width of view 4.1 mm. CPL. C. Par-
tially albitised plagiodase in the groundmass of a phyllic-altered sample of the PHf-1 association (WT22-122).
The partially albitised plagiodase is typified by a greenish-yellow CL colour, whereas entirely albitised plagio-
clase in the groundmass shows a dusky brown CL emission. The bright orange luminescence is caused by calcite
groundmass patches. Width of view 1.6 mm. CL. D. Calcite replacing primary plagioclase phenocrysts in a
phyllic-altered sample of the PHf-1 association (WT22-148). Calcite shows the typical bright orange CL colour,
whereas quartz in the groundmass has no CL emission. Width of view 1.6 mm. CL. E. Calcite-filled amygdale in
a phyllic-altered rocks of the PHf-1 association (WT5-213). The amygdale is elongated, probably due to defor-
mation. Preferred orientation of phyllosilicates present in the groundmass of the altered rock defines a prominent
foliation. The opaque phase is pyrite. Width of view 3.5 mm. PPL. F. Pyrophyllite and kaolinite in a phyllic-
argillic-altered sample of the PAf-l association (WT7-171). Pyrophyllite and kaolinite are typified by a deep
blue CL colour and occur along a quartz-filled fracture. The groundmass of the altered sample contains an ir-
regularly shaped apatite grain that shows a greenish CL emission. Width of view 1.6 mm. CL. G. Fine-grained
mosaic of quartz and muscovite in a silicic-altered sample of the SIf-1 association (WT2-421). Pyrite typically
fonns disseminated euhedral grains. Width of view 4.5 mm. CPL. H. Irregularly shaped, relict apatite grains in a
silicic-altered sample of the SIf-1 association (WT22-277). Apatite shows a greenish CL colour, whereas quartz
present in the groundmass lacks a CL emission. Width of view 0.8 mm. CL.
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primary Ti-bearing minerals. In contrast to
titanite, rutile is a minor phase in all phyllic-
altered samples collected from the footwall
of the Waterloo massive sulphide deposit.
The phyllic-altered rocks contain rutile in
concentrations below 2.0 wt.%. Rutile fonns
disseminated needles «30 !lm) or patches
of intergrown, irregularly shaped aggre-
gates. Rutile needles commonly occur in
networks resembling primary exsolution
lamellae in titanoferous magnetite (Plate
VIID). Rutile is frequently associated with
pyrite supporting the assumption that rutile
represents an alteration product of primary
Ti-bearing phases such as titanomagnetite or
ilmenite.
Apatite is a common accessory phase pres-
ent in all phyllic-altered rocks sampled from
the footwall of the Waterloo deposit. It
fonns euhedral grains that are usually
smaller than 20 !lm. Apatite exhibits a dis-
tinct yellowish green CL colour. Some apa-
tite grains display dissolution features as
evidenced by irregularly formed grain
shapes and the porous nature of formerly
euhedral apatite grains. Additional phos-
phate minerals occurring in phyllic-altered
rocks are monazite [general fonnula
(Ce,La,Nd)P04] and xenotime [general for-
mula YP04]. Both minerals usually form
subhedral to anhedral crystals (2 to 30 !lm in
size) although prismatic monazite crystals
are not uncommon (plate VIlE). Monazite
and xenotime also occur as irregularly
shaped patches forming a matrix surround-
ing circular or embayed pyrite grains (Plate
VIIF). Some phyllic-altered rocks contain
faint prismatic grains that consist of remnant
patches of porous monazite. Monazite only
rarely occurs together with xenotime. Direct
replacement of primary magmatic apatite by
either monazite or xenotime was not ob-
served. In addition to these REE phosphates,
hydrothennally altered rocks of the PHf-1
association also contain REE carbonates.
The most common REE carbonate observed
in the samples of this alteration mineral as-
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soclation is synchysite [general fonnula
Ca(Ce,La)(C03hF] although other REE
carbonate species also occur. Zircon is a
very rare accessory mineral and was only
observed in some phyllic-altered samples.
Common sulphide minerals in phyllic-
altered rocks from the footwall of the de-
posit are chalcopyrite, galena, and
sphalerite. These minerals have irregular
grain shapes, occur as vein-like aggregates,
or fonn circular inclusions in pyrite. Ten-
nantite and tetrahedrite are common in
phyllic-altered rocks of the PHf-2 and PHf-3
associations, but have not been observed in
samples from the PHf-1 association (Plate
VIIG). Tennantite and tetrahedrite are typi-
cally associated with pyrite. Barite is a very
rare accessory phase in phyllic-altered rocks
of the PHf-3 association fonning tiny «5
!lm) anhedral grains.
8.4.3 Phyllic-argillic alteration fades
The phyllic-argillic alteration is superficially
difficult to distinguish from the phyllic al-
teration in hand specimen. However, rocks
of this alteration facies lack chlorite and are
pale white to yellowish in colour. The phyl-
lic-argillic alteration is texturally destruc-
tive. Apparent clastic textures are locally
abundant. Phyllic-argillic-altered rocks are
typically strongly foliated exhibiting either a
slaty or an anastomosing spaced foliation.
The phyllic-argillic alteration facies is char-
acterised by the minerals pyrite, muscovite,
pyrophyllite, kaolinite, intennediate NaIK.
mica, paragonite, and quartz (abbreviated as
PAf-1 association). Muscovite (15 to 38
wt.%) is the most abundant white mica spe-
cies in the samples investigated. The con-
centration of intennediate Na/K mica is
higher than that of paragonite. The quartz
content in the rocks of the PAf-I association
varies from approximately 31 to 48 wt.%.
Quartz and white mica form a fine mosaic
and have grain sizes that are typically below
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0.05 mm. The quartz grains range in shape
from polygonal to interlobate and exhibit no
visible CL emission. The contacts between
the polygonal quartz grains are commonly
triple junctions with interfacial angles of
-120°. The crystal faces of polygonal quartz
are commonly slightly curved. White mica
occurs finely dispersed within quartz-rich
matrix or forms aggregates of cleavage-
parallel grains. Pyrite also represents a ma-
jor rock-forming component forming 7 to 18
wt.% of the samples of the PAf-1 associa-
tion. Pyrite varies in size and forms dis-
seminated euhedral grains or, alternatively,
occurs as trails or irregular aggregates of
subhedral to anhedral grains. Larger pyrite
grains (>0.1 mm) are frequently enveloped
by small strain fringes composed of fibrous
quartz or white mica. Phyllic-argillic-altered
samples contain pyrophyllite in concentra-
tions up to 12 wt.%, whereas kaolinite forms
only up to 5 wt.% of the samples. Pyrophyl-
lite and kaolinite are typified by a deep blue
CL colour, which makes these minerals
readily distinguishable from the white mica
using CL microscopy (Giitze et aI., 200Ib).
Pyrophyllite and kaolinite commonly occur
along fractures or rim small quartz veinlets
crosscutting the fine-grained white mica-
bearing matrix. The pyrophyllite and kao-
linite rims enveloping quartz veinlets locally
invade the white mica-rich matrix (Plate
III
VIF). Minor fluorite was observed in these
veinlets. The textural evidence suggests that
the formation of pyrophyllite and kaolinite
was fracture-controlled and overprinted an
earlier pervasive phyllic alteration.
Rutile is a common trace mineral «2.5
wt.%) in phyllic-argillic-altered rocks. It
forms needles and irregular patches com-
prising intergrown needles and aggregates
of anhedral grains. The patches of rutile are
similar in appearance to those in samples
from the other alteration mineral associa-
tions and are also interpreted to represent
relicts of primary Ti-bearing phases. Rem-
nant apatite grains are present in all samples
from the PAf-I association. Apatite in this
association was subject to intense dissolu-
tion as evidenced by the presence of faint
euhedral magmatic grains containing rem-
nant patches of porous apatite (Plate VIlH).
The CL colours of apatite vary from yel-
lowish green to reddish brown. Chalcopyrite
and sphalerite are additional accessory
phases occurring in phyllic-argillic-altered
rocks.
8.4.4 Silicic alteration facies
Altered rocks from the silicic alteration fa-
cies can be readily identified in hand speci-
men due to their siliceous appearance and
Plate VII: A. Anhedral titanite grain hosted in a propylitie-altered rock of the PRf-1 association (WT9A-162).
The titanite (TIn) is hosted by albitised plagioclase (A/b). SE. B. Intergrown aggregate of rutile and pyrite in a
propylitic-altered rock of the PRf-1 association (WT9A-176). Rutile (RI) and pyrite (Py) pseudomorph a primary
Fe-Ti-bearing phase. The pseudomorph is hosted by a quartz-rich matrix (Qlz). SE. C. Idiomorph apatite in pro-
pylitic-altered sample of the PRf-2 association (WTI6-195). The apatite (Ap) is hosted by a quartz-rich matrix
(Qlz). SE. D. Rutile aggregate in a phyllic-altered sample of the PHf-3 association (WT2-402). The rutile (RI)
needles fonn a network closely resembling primary exsolution lamellae in titanoferous magnetite. The rutile is
hosted by a matrix rich in quartz (Qlz) and muscovite (Ms) that also contains pyrite (Py). SE. E. Anhedral xe-
notime grain in phyllic-altered sample of the PHf-2 association (WTl6-170). The matrix surrounding the xe-
notime (Xn) is rich in quartz (Qlz) and muscovite (Ms). SE. F. Monazite in a phyllic-altered sample of the PHf-1
association (WTZI-212). The monazite (Mnz) forms a matrix enveloping circular pyrite (Py) grains. The phyllic-
altered sample is rich in quartz (Qlz) and muscovite (Ms). SE. G. Anhedral tetrahedrite grain in a phyllic-altered
sample of the PHf-2 association (WTZ2-208). The tetrahedrite (Tel) is hosted by quartz (Qlz). SE. H. Relic apa-
tite grain contained in a phyllic-argillic-altered rock of the PAf-1 association (WTI6-245). The apatite (Ap)
shows strong dissolution features. The matrix is rich in quartz (Qtz). SE. Scale bars are 10 J!rn.
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Table 8-3: Mineralogical composition of representative propyiitic- and phyllie-altered
samples of the hanging wall marker horizon.
PRh-1 PRh-2 PHh-l
WTI6- WT22- WT23- WTI6- WT21- WT21- WT9A- WT23- WT25-
343 329 391 333 311 319 254 40. 428
Alb wl.% 36.1±1.0 11.0±0.7 25.5±0.8 4.0±0.7 14.4±0.9 8.9±0.8
Aok I.1±0.4 1.9±0.4
Col 5.2±0.3 4.4±0.4 4.7±0.5 1.5±0.3 3.8±0.3 4.6±0.4 5.5±0.4 7.9±0.5
Chi 7.0±0.7 6.1±0.8 5.4±0.6 7.4±0.6 4.1±0.6 12.2±0.7 9.0±0.6 8.1±0.6 8.1±0.8
Ep 1.5±0.6 6.3±0.5 1.0±0.3
Hem 0.4±0.1 1.1±0.2
Im 5.6±0.9 4.1±1.3 6.4±0.7
Klo 1.4±0.7 0.8±0.5 1.3±0.7
M, 56.9:1::1.2 11.8±0.9 17.6±1.5 24.9±1.2 31.3±1.1 13.7±1.2 18.9±1.4 29.8±0.9
Pg 11.4±0.6 9.1±0.6 7.1±0.5 15.6±0.6 11.0±0.7 5.5±0.7
Pho 14.0±1.2
Py 5.6;1;0.2
Q" 36.2±0.9 20.9±0.7 45.9±0.8 48.5±1.0 35.4±0.7 35.8±0.7 47.2±0.9 52.4::1:1.0 47.8±1.0
RI 0.7±0.3 0.3±0.2 0.S±0.2 0.9±0.3 0.9::1:0.3 0.8±0.2 0.7±0.2 0.9±0.3
Sd 1.9±0.4
Notes: Alb = albite, ank = ankerite, cal = calcite, chi = chJorite, ep = epidote, hem =
hematite, im = intermediate Na/K mica, kin = kaolinite, ms= muscovite, pg = parago-
nite, phn = phengite, py = pyrite, qtz = quartz, rt = rutile, sd = siderite, - = not detected
or not present.
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the white to grey (rarely pink or bluish) col-
ours. Silicic alteration is pervasive and
largely destroys original volcanic textures
frequently creating apparent clastic textures.
The silicic-altered rocks display a spaced
foliation defined by quartz-rich microlithons
and phyllosilicate-rich cleavage domains.
Pyrite veins and trails of pyrite are suhpar-
allel to foliation. Contacts of the silicic al-
teration facies to surrounding alteration fa-
cies are typically sharp and faulted.
The silicic alteration facies is typified by a
relatively simple alteration mineral associa-
tion comprising pyrite, quartz, and musco-
vite (abbreviated as SIf-1 association). The
quartz content in the samples investigated
varies from approximately 47 to 74 wt.%,
whereas muscovite forms 18 to 42 wt.% of
the altered samples. In thin section, silicic-
altered rocks are characterised by extensive
mosaics of fine-grained «0.1 mm) quartz
and variable amounts of fine-grained «0.05
mm) muscovite (Plate VIG). Quartz and
muscovite are evenly distributed and inter-
grown or form elongated to circular quartz-
rich domains enveloped by muscovite. The
shape of the quartz grains in the matrix
ranges from polygonal forming triple point
grain boundaries to interlobate with irregu-
lar grain boundaries. The matrix quartz ex-
hibits no visible CL emission. Rarely, quartz
forms polycrystalline angular aggregates
resembling former feldspar phenocrysts or
occurs in circular domains that may repre-
sent former amygdales. Muscovite grains in
the quartz-rich matrix have a random orien-
tation, whereas white mica grains in musco-
vite-rich domains are typically subparallel to
the trend of the cleavage domains. The si-
licic-altered samples are variably mineral-
ised and contain up to 25 wt.% pyrite. Pyrite
varies in size and forms disseminated euhe-
dral grains or intergrown aggregates of sub-
hedral to anhedral grains. Pyrite in tile
quartz-rich domains commonly lacks strain
fringes, whereas angular pyrite grains in the
white mica-rich domains commonly display
small strain fringes composed of fibrous
quartz or muscovite.
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Table 8-4: Mineralogical composition of representative phyl-
lic-altered samples of the hanging wall marker horizon.
PHh-2 PHh-4
-------
WT7- WTl7- WT21- WT17- WT21- WT21-
200 118 335 114 298 306
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28.4±1.6 25.8±0.9 39.4±0.9 42.8±0.9 35.9±0.9 28.7±1.7
18.3±0.5 9.6±0.3 46.5±1.3
60.3±1.4 60.1±0.8 47.1±0.8 37.2±0.7 39.8±0.7 11.2±0.6
0.6±0.2 0.8±0.2 0.9±0.2 0.7±0.3
1.7±0.2
Cal wt.%
Chi
G,
Im
M,
Pg
Py
Q"
RI
sp
7.6±0.5 3.2±O.3
3.7±0.8 13.5±0.6 9,5±0.6
4.4±0.4 5.0±0.5
9.4±0.6 2.6±I.O
0.4±0.1
Notes: CaJ = calcite, chi = chlorite, go = galena, im = inter-
mediate Na/K mica, ms = muscovite. pg = paragonite, py =
pyrite, qtz = quartz, rt = rutile, sp = sphalerite, - ::::: not de-
tected or not present.
Rutile is a minor phase and occurs in con-
centrations that are typically below 1.5
wt.%. Rutile forms disseminated needles
«40 flm) or patches of intergrown irregular
aggregates and needles that may represent
altered Ti-bearing phases. Rutile in these
patches is frequently associated with pyrite.
Apatite is present as an accessory phase in
all thin sections investigated and is inter-
preted to represent a relict primary mag-
matic phase of the altered rocks. Apatite
crystals are up to a hundred micrometers in
size and exhibit a distinct yellowish green
CL colour. The formerly euhedral apatite
grains show dissolution features and irregu-
lar embayments suggesting a partial break-
down during hydrothermal alteration (Plate
VIH).
Additional accessory minerals in the sam-
ples of the SIf-1 association are monazite
and xenotime. These two minerals are ir-
regularly distributed at the thin section scale
and form subhedral to anhedral crystals (2 to
30 flm in size). Both minerals may occur in
association with pyrite and form the matrix
surrounding embayed pyrite grains. Xe-
notime grains frequently contain relic, ir-
regularly formed pyrite cores. Alternatively,
xenotime crystals also occur in the siliceous
matrix or as tiny inclusions in pyrite. Mona-
zite and xenotime are interpreted to have
precipitated from the hydrothermal fluids.
Additional common hydrothermal precipi-
tates are chalcopyrite, galena, sphalerite, and
tennantite. Tellurobismuthite [general for-
mula BizTe3] occurs locally forming tiny
«3 flm) lobate, circular, or acicular inclu-
sions in pyrite. Barite is very rare and was
only observed in some samples of the SIf-1
association.
8.5 Alteration of the hanging wall marker
horizon
The coarse quartz-feldspar crystal-rich sand-
stone and breccia facies forming the marker
horizon to the massive sulphides in the
hanging wall was affected by hydrothermal
alteration of variable styles and intensities.
The mineralogical compositions of repre-
sentative samples from the alteration min-
eral associations distinguished are given in
the Tables 8-3 and 8-4.
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8.5.1 Propyiitic alteration facies
Propylitic alteration of the coarse quartz-
feldspar crystal-rich sandstone and breccia
facies resulted only in minor texturally
modifications and original features of the
volcaniclastic texture are typically well pre-
served. In particular, the crystal-rich nature
of the coarse sediment and the clast popula-
tion can be readily identified in hand speci-
men. The following main texture patterns
were recognised: (1) weakly foliated tex-
tures containing abundant round feldspar
and quartz crystals and crystal fragments in
a chlorite-rich matrix containing abundant
epidote patches, (2) weakly to moderately
foliated textures comprising abundant round
to slightly elongated feldspar and round
quartz crystals and crystal fragments in a
chlorite-rich matrix, and (3) intensely foli-
ated textures containing rare white to pink,
elongated feldspar domains and abundant
round quartz crystals in a chlorite-rich or
white mica-rich matrix.
Based on the mineralogical composition of
samples from the propylitic-altered coarse
sediment of the marker horizon, two altera-
tion mineral associations can be distin-
guished: (1) an association of albite, musco-
vite, chlorite, epidote, quartz, and calcite
(abbreviated as PRh-l) and (2) an associa-
tion of albite, muscovite, chlorite, parago-
nite, intermediate NaIK mica, quartz, and
calcite (abbreviated as PRh-2).
Samples of the propylitic PRh-l association
contain abundant quartz crystals and crystal
fragments that usually have round shapes
(Plate VIllA). Embayments are common
and some of the quartz grains still have por-
tions of the original groundmass attached to
them. Quartz crystals and crystal fragments
are frequently fragmented. Adjacent frag-
ments are commonly separated by bands of
fine-grained quartz. The volcanic quartz in
the samples of the propylitic PRh-l associa-
tion shows an undulose extinction and is
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typified by blue to violet CL colours. How-
ever, some quartz crystals contain zones
lacking a visible CL colour. These zones are
characterised by trails of secondary fluid
inclusions suggesting that the formation of
secondary fluid inclusions was paralleled by
the quenching of the CL signal (Plate
VIIIB). The total quartz content of the sam-
ples investigated ranges from 21 to 46 wt.%.
An additional major component of the pro-
pylitic-altered samples is albite (11 to 46
wt.%). Albite replaces feldspar crystals and
crystal fragments contained in the coarse
volcaniclastic rocks. Albitised feldspar
shows dusky brown CL colours (Plate
VIIIB). In addition to pervasive albitisation,
former feldspar crystals and crystal frag-
ments are partially replaced by calcite. Cal-
cite shows orange CL colours and forms <8
wt.% of the samples investigated. Moreover,
replacement of the feldspar by white mica
and quartz is widespread. Feldspar and
quartz crystals and crystal fragments are
frequently enclosed by non-fibrous strain
shadows and strain caps consisting of white
mica and chlorite. In addition to quartz,
these minerals also represent major compo-
nents of the fine-grained matrix. Muscovite
(or phengite) occurs in concentrations be-
tween 8 and 57 wt.%, whereas chlorite
forms 5 to 10 wt.% of the propylitic-altered
samples. The matrix of the coarse sediment
frequently contains epidote forming <11
wt.% of the whole rock samples (Plate
VIIIC). Rocks collected from the PRh-l
association have low concentrations «1
wt.%) of hematite or pyrite.
Rocks collected from the propylitic PRh-2
association contain abundant quartz crystals
and crystal fragments that are texturally
similar to those contained in the propylitic-
altered rocks of the PRh-l association. The
samples investigated contain between 29
and 53 wt.% quartz. Pervasive albitisation of
primary feldspar crystals and crystal frag-
ments is also typical for samples from the
PRh-2 association. However, replacement of
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feldspar by white mica and/or calcite is
more pronounced than in the samples of the
PRh-l association (plate VIIID). The whole
rock albite concentrations range from 2 to
14 wt.%. The samples investigated contain 8
and 31 wt.% muscovite, 7 to 17 wt.% para-
gonite, and <6 wt.% intermediate NaIK
mica. The calcite concentrations are below 6
wt.% in the samples investigated. Samples
containing substantial amounts of white
mica are typified by a spaced foliation. In
addition to muscovite and quartz, the matrix
of the propylitic-altered coarse volcaniclas-
tic rocks contains abundant chlorite forming
4 to 13 wt.% of the samples.
Rutile is a minor phase present in all propy-
litic-altered samples of the marker horizon
«1 wt.%). It forms needles and irregularly
shaped aggregates in the matrix of the al-
tered coarse sediments, but also replaces
primary Ti-bearing phases. Rutile is occa-
sionally associated with hematite or pyrite in
these pseudomorphs suggesting that miner-
als such as titanomagnetite or ilmenite were
replaced. Apatite is an additional abundant
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minor phase occurring as euhedral grains
with subrounded to rounded corners or as
crystals fragments. Apatite usually shows
greenish CL colours.
REE carbonates are abundant accessory
phases in the propylitic-altered rocks of the
PRh-l and PRh-2 associations. In particular,
synchysite was frequently observed forming
irregularly shaped patches distributed
throughout the matrix or replacing detrital
components. Synchysite frequently shows
syntaxial intergrowth with REE carbonates
that have distinctly lower Ca/~REE ratios.
The REE carbonates are commonly associ-
ated with hematite occurring in small vein-
lets or as irregularly shaped patches. The
samples of the propylitic PRh-l and PRh-2
associations frequently contain small «20
Ilm) anhedral xenotime grains. Monazite is
common in pyrite-bearing samples forming
anhedral or angular grains frequently en-
closing circular quartz and feldspar inclu-
sions (Plate IXA). Some monazite grains
investigated exhibit sector zoning (Rhede
and Monecke, 2001). In contrast to pyrite-
Plate VIII: A. Quartz and feldspar crystals and crystal fragments in a propylitic-altered coarse sandstone sample
of the PRh-1 association (WTI6-343). The quartz crystals and crystal fragments are texturally unaltered,
whereas feldspar is albitised and contains tiny calcite inclusions. Width of view 4.2 mm. CPL. B. Altered quartz
crystal fragment in a propylitic-altered coarse sandstone sample of the PRh-1 association (WT22-329). The for-
mation of trails of secondary fluid inclusions resulted in a quenching of the CL signal. Unaltered parts of the
quartz grain exhibit bluish to violet CL colours typical for volcanic quartz. Feldspar grains contained in the
coarse sediment are pervasively albitised and show dusky brown CL colours. Width of view 1.6 mm. CL. C.
Epidote patch in the matrix surrounding quartz and feldspar crystals and crystal fragments in a propylitic-altered
coarse sandstone sample of the PRh-1 association (WT23-391). Width of view 4.8 mm. CPL. D. Quartz and
feldspar crystals in a propylitic-aitered coarse sandstone sample of the PRh-2 association (WT21-319). The
quartz grain is texturally unaltered, whereas the feldspar grain is partially replaced by calcite. The quartz and
feldspar grains are surrounded by non-fibrous strain fringes and strain caps consisting of white mica and chlorite.
Width of view 4.7 mm. CPL. E. Fractured quartz crystal in a phyllic-altered coarse sandstone sample of the
PHh-1 association (WT23-406). The quartz fragments are separated by calcite. Former feldspar crystals and
crystal fragments are replaced by a fine-grained intergrowth of quartz, white mica, and calcite. Width of view 3.7
mm. CPL. F. Quartz fragment in a phyllic-altered coarse sandstone sample of the PHh-2 association (WT21-
328). The matrix of the altered volcaniclastic rock contains substantial amounts ofhematite and quartz. Width of
view 4.7 mm. CPL. G. Quartz crystal fragment in a phyllic-altered coarse sandstone sample of the PHh-4 asso-
ciation (WT17-l14). The quartz grain is fractured and shows concave grain boundaries that are interpreted to be
indicative for partial dissolution of the quartz. The strain cap consists of white mica. Width of view 3 mm. CPL.
H. Highly elongated pyrite aggregates in a phyllic-altered coarse sandstone sample of the PHh-4 association
(WTl7-114). The aggregates are strongly defonned suggesting that pyrite fonnation predates deformation.
Width of view 5 mm. CPL.
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bearing samples, monazite is relatively rare
in samples containing hematite. Monazite in
hematite-bearing rocks frequently shows
dissolution features. Florencite [general
formula (Ce, La)Ah(P04)z(OH)6] was lo-
cally observed in pyrite-bearing samples of
the PRh-2 association. The propylitic-
altered samples contain abundant zircon.
Zircon forms either euhedral grains or crys-
tal fragments with rounded corners as well
as lobate or irregularly shaped grains (Plate
IXB). Based on the different grain shapes, it
is suggested that euhedral to subhedral zir-
con represents a primary component of the
coarse volcaniclastic sediment, whereas
lobate grains formed during hydrothermal
alteration of the volcaniclastic sediment.
The CaO and FeO contents of both zircon
types are elevated (>0.5 wt.%). Some zircon
grains exhibit patchy internal structures in
BSE images and are partially replaced by
xenotime and Th-silicate (Plate IXC). Th-
silicates [general formula ThSiO,] were also
observed to form small «5 flm) angular
grains in the propylitic-altered rocks of the
PRh-1 and PRh-2 associations.
Additional accessory phases in the propyli-
tic altered rocks of the PRh-1 and PRh-2
associations are barite and celestine forming
circular or angular grains, irregularly shaped
patches, or vein-like aggregates (plate IXD).
Barite and celestine are frequently associ-
ated with hematite. Sphalerite was also ob-
served in the samples of the propylitic PRh-
I and PRh-2 associations, whereas chal-
copyrite inclusions in pyrite only occur in
samples from the propylitic PRh-2 associa-
tion. EuhedraI tourmaline with compositions
belonging to the schorl-dravite series as well
as fluorite were observed in samples of the
PRh-1 association.
8.5.2 Phyllie alteration fades
The phyllic-alteration facies is typified by a
feldspar-destructive style of hydrothermal
alteration and the presence of substantial
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amounts of white mica. The phyllic-altered
coarse sediment of the marker horizon is
strongly foliated. Deformed clast contained
in the coarse quartz-feldspar crystal-rich
sandstone and breccia facies typically define
a pronounced elongation lineation. The fol-
lowing main texture patterns were recog-
nised: (1) moderately foliated textures con-
taining abundant round feldspar and quartz
crystals and crystal fragments in a chlorite-
rich matrix, (2) moderately to strongly foli-
ated textures comprising slightly elongated
feldspar and abundant, round quartz crystals
and crystal fragments in a chlorite-rich ma-
trix, (3) intensely foliated textures contain-
ing rare white to pink, elongated feldspar
domains and abundant round quartz crystals
in a chlorite-rich or white mica-rich matrix,
(4) intensely foliated textures containing
faint quartz crystals and crystal fragments in
a hematite-rich matl;x, and (5) intensely
foliated rocks lacking relict volcanic tex-
tures in hand specimen.
Based on the XRD analyses, phyllic-altered
rocks collected from the marker horizon
were subdivided into three alteration min-
eral associations: (I) a mineral association
containing muscovite, paragonite, interme-
diate NaIK mica, chlorite, and quartz (ab-
breviated as PHh-l), (2) an association
comprising muscovite, chlorite, and quartz
(abbreviated as PHh-2), and (3) a mineral
association consisting of pyrite, muscovite,
and quartz (abbreviated as PHh-4).
Phyllic-altered rocks of the PHh-1 associa-
tion contain abundant quartz crystals and
crystal fragments. Least altered quartz
grains are frequently embayed and show
bluish to violet CL colours. The quartz
crystals and crystal fragments are frag-
mented or boudinaged and are typically ro-
tated into the foliation of the altered coarse
volcaniclastic sediment (plate VIIIE). The
quartz shows an undulose extinction. Quartz
crystals are frequently surrounded by strain
fringes and strain caps. Quartz also forms an
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important component of the fine-grained
matrix. The quartz content of the samples
investigated ranges from 36 to 61 wt.%.
Samples from the phyllic PHh-l association
lack albite as a major alteration phase. Feld-
spar crystals and crystals fragments origi-
nally contained in the coarse volcaniclastic
sandstone are pervasively replaced by a
fine-grained intergrowth of white mica,
quartz, and calcite forming elongated do-
mains surrounded by the phyllosilicate-rich
matrix. The samples contain substantial
amounts of muscovite (10 to 30 wt.%) in
addition to paragonite (6 to 18 wt.%) and
intermediate NaIK mica «6 wt.%). Chlorite
is an additional abundant phyllosilicate spe-
cies comprising 5 to 15 wt.% of the samples
of the PHh-l association. Calcite is present
in several samples investigated and occurs
in concentrations below 8 wt.%. Many sam-
ples of the phyllic PHh-l association contain
hematite «1 wt.%) and kaolinite «2 wt.%).
Kaolinite occurs along small fractures and is
typified by dark bluish CL colours.
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Samples of the phyllic PHh-2 assocmtlon
contain 47 to 60 wt.% quartz. The quartz
crystals and crystal fragments contained in
these phyllic-altered rocks are texturally
similar to those in samples from the PHh-l
association. Former albite crystals are en-
tirely replaced by fine-grained muscovite,
calcite, and quartz. The pseudomorphed
feldspar crystals and crystal fragments are
elongated into the foliation and frequently
enclosed by non-fibrous strain shadows and
strain caps. Muscovite (6 to 39 wt.%) and
chlorite (4 to 14 wt.%) are the only phyllo-
silicate species identified. Samples from the
PHh-2 association are characterised by the
absence of pyrite, but contain up to 36 wt.%
hematite (Plate VIIIF).
Phyllic-altered samples of the PHh-4 asso-
ciation consist of a mineralogically simple
alteration mineral association comprising
muscovite (29 to 43 wt.%), quartz (11 to 40
wt.%), chlorite «10 wt.%), and calcite «5
wt.%). The samples are intensely mineral-
ised with pyrite concentrations ranging from
Plate IX: A. Monazite grains in a propylitic-altered coarse sandstone sample of the PRh-2 association (WT I6-
333). The grain shape of monazite (Mnz) depends on the nature of the surrounding grains: monazite in contact
with albite (A/b) is euhedra1, whereas monazite in contact with intennediate Na/K mica (Im) is anhedral. Both
monazite grains contain circular inclusions of albite. SE. B. Zircon in a propytitic-altered coarse sandstone sam-
ple of the PRh-2 association (WTI6-333). The zircon (Zm) grain is anhedral and interpreted to be ofhydrother-
mal origin. The zircon contains 0.2 wt.% CaO and 0.2 wt.% FeO. The grain is located at the contact between a
quartz crystal fragment and the matrix containing substantial amounts of muscovite (Ms) and paragonite (Pg).
SE. C. Zircon in a propylitic-altered coarse sandstone sample of the PRh-2 association (WT16-333). The zircon
(Zrn) grain is hydrothennally altered as evidenced by the patchy internal structures and the partial replacement
by xenotime (Xn) and Th-silicate (Th). The dark zones of the altered zircon contain 4.1 wt.% CaO, whereas the
brighter grey areas are typified by 0.3 wt.% CaO. The idiomorph zircon grain is interpreted to represent a pri-
mary component of the coarse sediment. BSE. D. Barite in a propylitic-altered coarse sandstone sample of the
PRh-1 association (WT29-329). The anhedral barite (Ba) forms trails transecting an albitised feldspar (A/b)
crystal fTagment. SE. E. Euhedral Th-silicate grain in a phyllic-altered coarse sandstone sample of the PHh-1
association (WT25-434). The Th-silicate (rh) is hosted by quartz (Qtz). SE. F. Anhedral cassiterite in a strongly
mineralised sample of a phyllic-altered coarse sandstone sample of the PHh-4 association (WT21-306). The
cassiterite (Cas) is associated with galena (Gn), sphalerite (Sp), and pyrite (Py). SE. G. Synchysite in a propyli-
tic-altered dacite sample of the PRh-1 association (WT23-450). The synchysite (Syn) is hosted by a hematite
(Hmt) veinlet. The matrix of the propylitic-altered sample is rich in albite (A/b) and epidote (Ep). SE. H. REE
carbonate in a propylitic-altered dacite sample of the PRh-2 association (WT22-302). The BSE image shows that
the REE carbonate is compositionally inhomogeneous. The bright area is synchysite (Syn), whereas the darker
area is bastnasite (Bas). BSE. Scale bars are 10 J,lm.
00
Cl
~ ~ ;5 ",,,, '< 0 ~ ""0 ~ Co ~ "' ""0 a =- ~ 8 ~ 0 " ""~ " N o
8 Mineralogy of the hydrothermal alteration halo
10 to 47 wt.%. Additional abundant sul-
phides are galena «0.5 wt.%) and sphalerite
«5 wt.%). Primary volcanic textures are
typically obscured by the intense hy-
drothennal alteration as well as by defonna-
tional effects. Some phyllic-altered samples
of the PHh-4 association contain relict
quartz crystals and crystal fragments that are
frequently embayed. However, hydrother-
mal alteration usually resulted in the
quenching of the bluish to violet CL colour
of the volcanic quartz. Fonner quartz crys-
tals and crystal fragments are typically
fractured or boudinaged and show an undu-
lose extinction. Rotation of the crystals into
the foliation of the altered volcaniclastic
rocks is common. Some quartz crystals
show dissolution features (Plate VllIG). The
quartz crystals and crystal fragments are
commonly enclosed by non-fibrous strain
shadows and strain caps consisting of mus-
covite and chlorite. Feldspar grains are not
preserved in phyllic-altered rocks of the
PHh-4 association. However, rare elongated
mica- and qual1z-rich domains may repre-
sent pseudomorphs after feldspar crystals
and crystal fragments originally contained in
the volcaniclastic rock. Pyrite aggregates are
frequently elongated parallel to the foliation
of the phyllic-altered rocks (Plate VllIH).
Minor phases observed in phyllic-altered
samples from the marker horizon are rutile
and apatite. Rutile fonns anhedral aggre-
gates or acicular grains and occurs in con-
centrations <1 wt.%. Rutile aggregates
commonly pseudomorph primary Ti-bearing
phases. Apatite in the phyllic-altered rocks
forms small «30 Ilm) euhedral grains or
crystal fragments with rounded to sub-
rounded corners. Apatite is typified by
greenish CL colours.
REE carbonates, such as synchysite, were
frequently observed in phyllic-altered sam-
ples of the PHh-l and PHh-2 associations.
Synchysite typically occurs in association
with hematite, but is also present in pyrite-
121
bearing samples. Anhedral to subhedral xe-
notime was observed in all phyllic alteration
mineral associations, whereas monazite is
usually only present in pyrite-bearing sam-
ples from the marker horizon. Rare mona-
zite grains contained in hematite-bearing,
phyllic-altered samples show dissolution
features. Samples collected from the phyllic
PHh-l association frequently contain Th-
silicates fonning small «5 Ilm) angular
grains (plate IXE). Samples from this al-
teration mineral associations also contain
zircon occurring as euhedral to subhedral
grains or lobate aggregates. The zircon
grains usually show elevated CaO and FeO
contents (>0.5 wt.%).
Barite is a common accessory phase ob-
served in samples of all phyllic alteration
mineral associations. Barite usually fonns
patches of intergrown euhedral to anhedral
grains and is frequently intergrown with
celestine. Barite and celestine are commonly
associated with hematite or pyrite. In addi-
tion to barite, phyllic-altered rocks contain
abundant chalcopyrite, sphalerite, and ga-
lena. Galena also fonn circular inclusions in
pyrite. Intensely mineralised samples from
the PHh-5 association contain abundant cas-
siterite as well as tetrahedrite and tennantite
(Plate IXF).
8.6 Alteration of the hanging wall dacite
cryptodome
The dacite cryptodome occurring in the
hanging wall of the massive sulphides was
also affected by hydrothermal alteration.
The upper portion of the emplacement unit
is typified by a propylitic alteration facies,
whereas the lower portion is phyllic-altered.
The mineralogical and textural characteris-
tics of the two alteration facies are described
in turn. The compositions of representative
samples from the alteration mineral associa-
tions distinguished are given in Table 8-5.
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8.6.1 Propylitic alteration facies
Dacite of the propylitic alteration facies is
typified by a well preserved phenocryst
population. However, the coherent nature of
the propylitic-altered dacite is frequently
obscured by pseudoclastic textures. The
following main textural patterns were ob-
served: (I) textures typical for least altered
dacite exhibiting abundant white feldspar
phenocrysts, (2) pseudoclastic textures con-
sisting of white mica-rich and epidote-rich
angular domains and a relatively siliceous,
hematite-rich matrix, (3) pseudoclastic tex-
tures consisting of chlorite-rich and fracture-
controlled hematite-rich domains where
hematite, (4) blotchy to pseudoclastic tex-
tures comprising epidote-rich, chlorite-rich,
and quartz-rich domains, (5) blotchy to
pseudoclastic textures comprising white
mica-rich domains set in a chlorite-rich ma-
trix, (6) textures typified by fracture-
controlled silicification, and (7) weakly foli-
ated textures in chlorite-rich dacite.
Hierarchical cluster analysis showed that the
propylitic-altered samples from the hanging
wall belong to two distinct 'alteration min-
eral association (I) an association of albite,
muscovite, chlorite, epidote, quartz, and
calcite (abbreviated as PRh-I) and (2) an
association of albite, muscovite, chlorite,
paragonite, intermediate Na/K mica, quartz,
and calcite (abbreviated as PRh-2).
Samples of the PRh-1 association consist of
26 to 57 wt.% albite. The albite represents
an alteration product of primary plagioclase.
The albitised plagioclase phenocrysts and
glomerocrysts range in size from approxi-
mately I to 2 mm and frequently contain
inclusions of chlorite and calcite. The sec-
ondary albite is typified by dusky brown CL
colours, whereas the calcite inclusions show
a bright orange CL colour. Replacement of
plagioclase by epidote is common primarily
affecting the cores of the plagioclase laths
(Plate XA). Epidote occurs as murky
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granular aggregates or prismatic crystals and
shows patchy brownish to greenish CL col-
ours. The quartzofeldspathic groundmass of
the dacite is well preserved although epidote
overgrowth is common (plate XB). Epidote
occurs in concentrations between <I and 20
wt.% in the whole rock samples of the PRh-
I association. The epidote is frequently as-
sociated with calcite forming <5 wt.% of the
samples investigated. The groundmass of
the propylitic-altered dacite samples con-
tains substantial amounts of quartz (14 to 42
wt.%). The quartz forms anhedral grains
lacking a visible CL colour. In addition to
quartz and albite, muscovite « I to 26 wt.%)
and chlorite (5 to 16 wt.%) are abundant in
the groundmass. These phyllosilicates form
an interconnected network in the
quartzofeldspathic groundmass or replace
groundmass plagioclase (Plate XC). Hema-
tite is an additional major phase «5 %) in
the propylitic-altered rocks of the PRh-1
association. Hematite is commonly associ-
ated with quartz forming vein-like aggre-
gates replacing the quartzofeldspathic
groundmass of the dacite (Plate XD).
Hematite also occurs as anhedral grains or
irregularly shaped aggregates disseminated
throughout the groundmass of the dacite or
represents the filling of veinlets and frac-
tures (Plate XE). Few samples of the PRh-1
association contain pyrite «2 wt.%).
Samples of the PRh-2 association also con-
tain a significant proportion of albite (14 to
55 wt.%). Albite represents an alteration
product of primary plagioclase. Albitisation
involved minimal textural modifications
preserving the shapes of the primary plagio-
clase phenocrysts and glomerocrysts. The
albitised plagioclase is characterised by a
dusky brown CL colour. Albitised plagio-
clase frequently contains tiny calcite inclu-
sions that can be readily identified by CL
microscopy due to their bright orange col-
our. In addition to albitisation, replacement
of primary plagioclase by calcite or fine-
grained white mica and quartz is common
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Table 8-5: Mineralogical composition of representative propylitie- and phyIlie-altered samples
of the hanging wall daeite eryptodome.
PRh-1 PRh-2 PHh-3 PHh-4
WT22- WT23- WT24- WT22- WT22- WT23- WT22- WT23- WT24- WT22-
314 416 415 302 307 455 295 460 516 286
Alb wt.% 41.0±1.I 48.8±I.O 51.2±!A 45.5±J.l 44.9±O.9 36.5±J.O
C,I 4.8±O.3 5.0±O.5 1.4±O.3 2.8±O.3 4.3±O.3 2A±O.2 1.3±O.3 6.2±O.5
Chi 11.8±O.8 8.2±O.7 IO.4±O.9 IO.O±O.8 8A±O.6 8A±O.8 4A±O.9
Dol 5.6±O.5
Ep J.5±O.9 IA±O.5 5.8±O.7
Hom J.l±O.2 3.7±O.3 3.3±O.3
Im L1±O.3 2.7±O.6 5.0±O.9 5.9±O.6
Ms 6.J±O.8 7.7±J.l 4.5±2.J 9.5±O.8 5.l±O.7 3.I±O.6 36.8±1.2 5.!±O.8 12.7±O.9 68.S±O.9
Pg 2.4±O.7 3.6±O.6 14.2±J.7 8.7±O.7 15.8±O.8 15.2±O.8
py 4.9±O.J O.J±O.! 7.5±OA 17.J±OA 5.0±OA 23.7±O.6
Q" 32.9±O.9 24.6±O.6 22.8±O.8 29.0±O.8 36.!±O.8 34.7±O.9 37.0±O.9 47.6±O.8 50.0±1.0 6A±O.s
RI O.6±O.3 O.6±O.2 O.6±O.2 O.8±O.3 OA±O.2 O.4±O.J O.8±O.3 O.6±O.J I.1±O.3
Notes: Atb = albite, cal = calcite, chI = chlorite, dol = dolomite, ep = epidote, hem = hematite,
im = intennediate Na/K mica, ms= muscovite, pg = paragonite. py = pyrite, qtz = quartz, It =
rutile, - = not detected or not present.
(Plate XF). White mica species recognised
include muscovite «10 wt.%), intermediate
NaIK. mica «7 wt.%), and paragonite (2 to
14 wt.%). Quartz lacks a visible CL colour
and forms 23 to 38 wt.% of the phyllic-
altered samples. The original groundmass of
the dacite is generally well preserved and
dominated by a mosaic of anhedral quartz
and feldspar. White mica and chlorite «10
wt.%) form an interconnected network in
the quartzofeldspathic groundmass. Secon-
dary epidote is a quantitatively important
component in some phyllic-altered samples
«16 wt.%) occurring as fine-grained,
murky granular aggregates or irregular
patches in the groundmass. Calcite is fre-
quently associated with the epidote forming
<5 wt.% of the samples of the PRh-2 asso-
ciation. The phyllic-altered rocks contain
abundant pyrite «5 wt.%).
Rutile represents a minor phase « I wt.%)
that is present in all propylitic-altered dacite
samples investigated. It occurs as needles or
aggregates pseudomorphing primary Ti-
bearing phases such as ilmenite. As a matter
of fact, relict ilmenite grains were observed
in some propylitic-altered samples of the
PRh-l association. Titanite was only locally
observed in phyllic-altered rocks of the
PRh-2 association. Apatite was also re-
corded to occur in all propylitic-altered
samples forming small «20 J.lm) euhedral
grains that are characterised by green CL
colours.
Xenotime and REE carbonates are relatively
common accessory minerals in samples of
the PRh-1 and PRh-2 associations. The most
abundant REE carbonate is synchysite. It is
typically anhedral, but also forms lobate or
trail-like aggregates. REE carbonates are
frequently intergrown with hematite in sam-
ples of the PRh-l and PRh-2 associations
(Plate IXG). Synchysite is occasionally in-
tergrown with REE carbonates of different
compositions (plate IXH). Small «3 J.lm)
angular grains of a Th-silicate as well as
anhedral zircon grains were also observed.
Barite, chalcopyrite, and sphalerite are ad-
ditional accessory phases.
8.6.2 Phyllie alteration facies
Phyllic alteration of the dacite was feldspar-
destructive and resulted in the formation of
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substantial amounts of white mica. Two
main texture patterns were identified in the
phyllic-altered parts of the dacite crypto-
dome: (I) weakly to moderately foliated
textures in phyllosilicate-rich rocks con-
taining pseudomorphed white feldspar phe-
nocrysts, and (2) strongly foliated phyllo-
silicate-rich rocks lacking relict volcanic
textures. Intensely altered dacite samples
frequently contain pyrite veinlets that are
subparallel to foliation. Contacts to the adja-
cent alteration facies are gradational.
Phyllic-altered rocks collected from the
hanging wall dacite cryptodome belong to
two alteration mineral associations: (l) an
association of pyrite, muscovite, paragonite,
intermediate NaIK mica, chlorite, and quartz
(abbreviated as PHh-3) and (2) a mineral
association consisting of pyrite, muscovite,
and quartz (abbreviated as PHh-4).
Samples of the phyllic PHh-3 association
are characterised by substantial amounts of
white mica, whereas albite is absent as a
major alteration phase. The samples investi-
gated consist of different white mica species
including muscovite (5 to 37 wt.%), inter-
mediate NalK mica (3 to 6 wt.%), and para-
gonite (9 to 16 wt.%). Chlorite is also con-
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tained in the phyllic-altered rocks of the
PHh-3 association comprising <8 wt.% of
the samples. The quartz content ranges from
37 to 50 wt.%. In thin section, phyllic-
altered dacite of the PHh-3 association is
typified by a mosaic of fine-grained «0.1
mm) quartz and variable amounts of fine-
grained «0.05 mm) phyllosilicates. The
quartz and phyllosilicates are evenly distrib-
uted and intergrown or occur in quartz-rich
and phyllosilicate-rich zones (plate XG).
The quartz in the phyllic-altered rocks ex-
hibits no visible CL emission and forms
inequigranular, polygonal to interlobate ag-
gregates. Faint feldspar phenocrysts or glo-
merocrysts are rare and usually consist of a
fine intergrowth of secondary minerals in-
cluding quartz, white mica, and carbonates.
The fine-grained matrix also contains calcite
and dolomite exhibiting orange CL colours.
Calcite occurs in concentrations ranging
from <I to 6 wt.%. The pyrite content of the
dacite samples from the phyllic PHh-3 asso-
ciation ranges from 5 to 17 wt.%. Pyrite
varies in size and forms disseminated euhe-
dral grains, trails of intergrown euhedral
crystals, irregularly shaped aggregates, and
massive veinlets. Pyrite grains frequently
display strain fringes composed of fibrous
quartz, white mica, or chlorite.
Plate x: A. Feldspar phenocrysts in a propylitic-altered dacite sample of the PRh-1 association (WT24-456).
The feldspar is largely replaced by prismatic epidote. Width of view lA mm. CPL. B. Epidote patch overgrow-
ing the groundmass ofa propylitic-altered dacite sample of the PRh-1 association (WT24-370). Width of view
4.2 mm. PPL. C. Foliated groundmass in a propylitic-altered dacite sample of the PRh-1 association (WT22-
328). Feldspar laths originally contained in the groundmass are largely replaced by a fine intergrowth of white
mica and quartz. The foliation of the dacite is defined by preferred orientation of white mica and chlorite con-
tained in the groundmass of the coherent volcanic rock. Width of view 4 mm. CPL. D. Hematite-quartz replace-
ment of the quartzofeldspathic groundmass of a propylitic-altered dacite sample of the PRh-1 association
(WT22-322). The feldspar pheoocryst is texturally unaltered. Width of view 4.2 mm. CPL. E. Feldspar pheno-
crysts in a hematite-rich groundmass of a propylitic-altered dacite sample of the PRh-1 association (WT23-422).
The phenocryst is albitised and contains tiny calcite inclusions. Hematite occurs disseminated throughout the
groundmass of the altered coherent volcanic rock. Width of view 3.6 mm. CPL. F. Feldspar phenocrysts in a
propylitic-altered dacite sample of the PRh-2 association (WT23-455). The feldspar is partially replaced by cal-
cite. Width of view 1.3 mm. CPL. G. Intensely phyllic-altered dacite sample of the PHh-3 association (WT24-
516). Original volcanic textures are largely destroyed. Width of view 4.2 mm. CPL. H. Mineralised phyllic-
altered dacite sample of the PHh-4 association (WT22-286). The foliation of the rock is defined by preferred
orientation of the white mica. Width of view 3.8 mm. CPL.
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The most intensely altered parts of the
dacite cryptodome belong to the phyllic
PHh-4 association. This alteration mineral
association contains muscovite as the only
white mica species (-69 wt.%) and lacks
chlorite as a major alteration product. The
high relative proportion of muscovite re-
sulted in the development of a slaty cleav-
age defined by the preferred orientation of
the white mica (plate XH). Quartz is an ad-
ditional alteration product forming -6 wt.%
of the phyllic-altered dacite. The quartz dis-
persed throughout the muscovite-rich matrix
lacks a visible CL emission. Pyrite is abun-
dant in the phyllic-altered dacite of the PHh-
4 association (-24 wt.%). The pyrite occurs
as euhedral grains, trail of intergrown
grains, and massive aggregates. The rigid
pyrite grains are frequently enveloped by
strain fringes.
Rutile is the most abundant minor phase in
the phyllic-altered dacite samples occurring
in concentrations below I wt.%. Rutile
forms small needles and anhedral aggre-
gates. In addition to rutile, all phyllic-altered
dacite samples contain abundant apatite. The
apatite is typified by greenish-yellow CL
colours. Although apatite is usually euhe-
dral, some apatite grains show irregular
grain boundaries that may result fi·om partial
dissolution of the primary magmatic apatite
during hydrothermal alteration.
Common accessory phases in the phyllic-
altered dacite samples are monazite and xe-
notime. Monazite forms irregularly shaped
or prismatic euhedral grains, whereas xe-
notime is always anhedral and usually
smaller in size «5 J-lm). In some cases,
monazite and xenotime occur together with
pyrite. REE carbonates were only observed
in phyllic-altered dacite samples of the PHh-
3 associations. Synchysite is the most abun-
dant species recognised forming anhedral
grains, irregularly shaped patches, and elon-
gated aggregates. Intensely mineralised
samples of the PHh-3 and PHh-4 associa-
126
tions contain barite, galena, and sphalerite.
Moreover, chalcopyrite was observed to
form circular inclusions in pyrite. Tetra-
hedrite and tennantite are minor accessory
mineral occurring is association with pyrite.
8.7 Mineralogical indicators of proximity
to ore
The mineralogical compositions of the al-
teration mineral associations occurring in
the andesite-dominated footwall of the de-
posit are summarised as triangular plots in
Figure 8-4. A representative cross section
showing the spatial distribution of the al-
teration mineral associations identified is
given in Figure 8-5. From these figures it is
obvious that the contents of minerals such as
albite, chlorite, and epidote broadly decrease
with increasing proximity to ore. In contrast,
the relative content of quartz increases with
increasing proximity to the massive sul-
phides. Rocks collected proximal to miner-
alisation contain muscovite as the only
white mica species, whereas intermediate
Na/K mica and paragonite occur distal to
mineralisation. Moreover, samples from the
inner footwall alteration halo lack calcite as
a major alteration product, whereas this
mineral is abundantly present in the outer
footwall alteration halo.
The alteration mineralogical zonation of the
footwall is also reflected by the distribution
of minor and accessory phases. Titanite is
present in the outer footwall alteration halo,
whereas rutile is the principal Ti-bearing
mineral in the inner footwall alteration halo.
Propylitic-altered rocks in the outer footwall
alteration halo lack monazite and xenotime.
In contrast, these minerals were frequently
observed in the phyllic-altered rocks of the
outer footwall alteration halo as well as in
samples from the inner footwall alteration
halo. The occurrence of REE carbonates
was found to be restricted to phyllic-altered
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Figure 8-4: Mineralogical gradients within the footwall alteration halo of the Waterloo deposit. Arrows indicate
increasing proximity to ore. The mineral contents were determined by X-ray diffraction using the Rietveld
method,
8 Mineralogy of the hydrothermal alteration halo 128
19,800 mE I~ ';; 1- l~~ ~ '=>c e 80 0 <>
3 ~ 3 3z z z
WTlIIA
WTI
wn3
WTJ3A wn2
WT4
wn WTII wno WT9A
FOOTWALL ALTERATION HALO
HANGING WALL AI,TERATION HALO
Phyllic <:llh:::r;:lt'lOn fi.1(;rc~
PHh·4 association· pyrilt.>mus(,;ovllc·quarlz
PRh·! r18sociation: albit"e-nlUScovltc-chlurirc-cpic.Jutc-
qu.artz-calclte
PR r·l associatiun: albire-l,;hlorirc-cpIU(IIC-<lUa(lZ-
c.nlcitc:
~
~
PHh-1 association. muscovitc-pc.ll<lgonltc-NalK mlCa-
thlurile-quurlz
Propyli{ic 31fcrahort f,j\cies
PRh-2 £lssociallol1: dlbilc-muscovilc-chlonl"(>pnmgorllcc·
Na/K mlca-quanz-calcll'e
DIIIJ
~
~
I§±Il
SilIcic "I('cr.uiol\ faclcs
tW'.Bi:t1 Slf·1 aSSOCICHlon: pyritt.'-qullrtz-musoovitc
PhylJic "Iteration laclcs
PHf-J I.'SSO(~latlon: pyruc-muscovitc-chloritc-
quartz
PHf~2 <Jssocuition: p)Tlle·paragonllc-muscovllc-
chloritc-NalK mir.:;a-qlll:u1z
PHf-l ~swdalion: pyritc-mnscovitc-albite-
chlurl Ic-pardgull Ire-Na/~ mica-quarlz-c.;.31C:lfC
Propyl irK alten.lflOn faclcs
PRr-2 aSSOCletl\OIt· albirc-l.:hlorire-cpid(Jrc-mUtiCUVlfC-
paragon\lc-quurlz-cal eire-pyri\e
§
~
E2'J
o mRL
100 m RL
200 m RL
300 In I{l
·100 m RL
Figure 8-5: Distribution of alteration mineral associations on section 19,800 mE as determined by drill core
logging and mineralogical phase analysis performed on representative samples.
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samples collected from the outer footwall
alteration halo. Tellurobismuthite was only
observed in the immediate footwall to the
massive sulphides.
The spatial distribution of the alteration
mineral associations identified in the hang-
ing wall of the massive sulphides is shown
in Figure 8-5. Moreover, the mineralogical
composition of the hanging wall altered
rocks is depicted as triangular plots in Fig-
ure 8-6. The figures show that the alteration
mineralogy of the hanging wall alteration
halo changes with decreasing distance to
ore. Samples collected from the outer
hanging wall alteration halo contain abun-
dant albite and epidote, whereas these min-
erals do not occur proximal to mineralisa-
tion. Phyllic-altered rocks from the outer
alteration halo contain several white mica
species including muscovite, intermediate
Na/K mica, and paragonite, whereas in-
tensely altered equivalents collected from
the immediate hanging wall of the massive
sulphides contain only muscovite. Pyrite
occurs abundantly in samples collected
close to the mineralisation. In contrast,
hematite is more typical for the outer altera-
tion halo.
In addition to the major mineral composi-
tion, the distribution of the accessory phases
in the hanging wall varies as function of the
proximity to ore. Samples collected close to
the massive sulphides contain !Utile as the
only Ti-bearing species, whereas samples
distal to mineralisation may also contain
titanite or ilrnenite. Monazite and xenotime
are abundant in the inner hanging wall al-
teration halo, whereas these minerals are
less abundant in samples from the outer al-
teration halo. In particular, hematite-bearing
samples from the outer hanging wall altera-
tion halo typically lack monazite. In con-
trast, REE carbonates such as synchysite are
most abundant in the outer alteration halo
and frequently occur in association with
hematite, whereas REE carbonates are not
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contained in samples from the immediate
hanging wall to the massive sulphides. Mi-
nor and accessory phases such as fluorite,
kaolinite, and tourmaline were only locally
observed in the outer hanging wall alteration
halo. In contrast, cassiterite only occur in
intensely altered rocks proximal to the mas-
sive sulphides.
8.8 Snmmary
The mineralogical study of the hydrother-
mally altered wall rocks of the Waterloo
deposit revealed that the alteration halo dis-
plays a pronounced semiconformable min-
eralogical zonation with respect to the mas-
sive sulphides. Alteration logging showed
that propylitic-altered rocks are characteris-
tic for the outer footwall wall alteration
halo. The propylitic alteration facies was
found to grade into a zone of phyllic-altered
rocks. The most intense zone of hydrother-
mal alteration immediately underlying the
massive sulphides is typified by silicic-
altered rocks. Phyllic-argillic-altered rocks
were only locally observed in the footwall
of the massive sulphides. The immediate
hanging wall to the massive sulphides is
characterised by a phyllic alteration facies
that grades into a propylitic alteration facies
with increasing distance to the massive sul-
phides.
The results of quantitative XRD investiga-
tions were used to numerically classify rep-
resentative samples collected throughout the
footwall and hanging wall alteration halos.
The hierarchical cluster analysis revealed
that the alteration facies distinguished dur-
ing core logging can be further subdivided
into alteration mineral associations that
show distinct variations in the relative abun-
dance of the constituent phases. The XRD
investigations proved to be particularly use-
ful to distinguish different white mica spe-
cies and to unravel their spatial distribution
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Figure 8-6: Mineralogical gradients within the hanging wall alteration halo of the Waterloo deposit. Arrows
indicate increasing proximity to ore. The mineral contents were determined by X-ray diffraction using the Riet-
veld method.
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within the alteration halo enveloping the
massive sulphides. Samples collected
proximal to the massive sulphides were
found to contain muscovite as the only
white mica species, whereas muscovite,
intermediate Na/K mica, and paragonite
occur in rocks collected distal to mineralisa-
tion. In addition to these mica species, albite
and epidote are only contained in samples
from the outer footwall and hanging wall
alteration halos.
Thin sections inspection by optical micros-
copy and scanning electron microscopy re-
vealed that the distribution of minor and
accessory phases in the alteration halo also
varies as function of the proximity to ore.
Titanite was found to be the principal Ti-
bearing minor phase in altered mafic rocks
from the outer footwall alteration halo,
whereas rutile occurs in hydrothermally
altered rocks from the inner footwall altera-
tion halo. Rutile was also found to be pres-
ent in phyllic-altered rocks from the hanging
wall alteration halo, whereas titanite and
ilmenite represent additional Ti-bearing
phases in least altered rocks from the outer
hanging wall alteration halo. REE carbon-
ates, such as synchysite, are absent in in-
tensely altered rocks collected close to min-
eralisation, whereas REE carbonates are
abundant accessory phases in hydrother-
mally altered samples collected distal to
mineralisation. In contrast, monazite and
xenotime are frequently present in alteration
mineral associations occurring close to min-
eralisation. The study of the mineralogy of
accessory phases also showed that the hy-
drothermal alteration at Waterloo resulted in
the formation of rare minerals such as
monazite, synchysite, Th-silicate, xenotime,
and zircon incorporating elements that are
typically envisaged to behave immobile in
the hydrothermal environment.
131
9 GEOCHEMISTRY OF HYDROTHERMALLY
ALTERED VOLCANIC ROCKS
9.1 Introduction
The present chapter is focused on the geo-
chemistry of the hydrothermally altered wall
rocks of the Waterloo deposit. Alteration-
induced chemical gradients have previously
been studied by Huston et al. (1995). Based
on a limited number of chemical analysis of
samples from the footwall of the deposit,
these authors demonstrated that intensely
altered rocks were typified by Na20 and
CaO depletion and K20 and Rb enrichment
relative to less intensely altered equivalents.
In the present study, the geochemistry of the
hydrothermal alteration halo was studied in
detail using a more extensive data base.
Moreover, samples from the hanging wall
alteration halo were included in the study to
provide new information on the style of al-
teration in this part of the Waterloo se-
quence. The principal aims are (1) to geo-
chemically characterise the alteration facies
and alteration mineral associations distin-
guished and (2) to test for systematic spatial
variations in the data allowing the definition
of geochemical indicators of proximity to
the mineralisation.
9.2 Geochemical alteration indices
The mineralogical study of the altered rocks
revealed a pronounced mineralogical zona-
tion of the alteration halo. Hydrothermally
altered volcanic rocks in the inner alteration
halo proximal to the massive sulphides were
found to be primarily composed of quartz
and muscovite or muscovite, chlorite, and
quartz. In contrast, additional phases in-
cluding albite, epidote, paragonite, interme-
diate NaIK mica, and calcite were found to
be present in the outer alteration halo distal
to mineralisation.
These systematic mineralogical variations
can be expressed by an alteration index I that
is based on major elements and measures
potassium and magnesium enrichment rela-
tive to sodium and calcium depletion. This
alteration index AI (AI= lOO'[K20+MgO] /
[K20+MgO+Na20+CaO]) has been initially
proposed by Ishikawa et al. (1976). At Wa-
terloo, this relatively complex alteration
index can be simplified to the K20INa20
ratio. This ratio provides an equal geo-
chemical measure of alteration intensity that
can also be applied as a measure of proxim-
ity to massive sulphides because zones of
intense alteration are spatially related to the
massive sulphides. Elevated K20INa20 ra-
tios occur in the inner alteration halo,
whereas low K20INa20 ratios are charac-
teristic for the outer alteration halo (Figure
9-1).
9.3 Footwall alteration halo
The chemical composition of the andesite-
dominated footwall of the Waterloo deposit
was studied by geochemical analysis of the
whole rock samples previously described in
the context of the mineralogical alteration
I The alteration index is defined here as an empirical
geochemical measure that broadly parallels the ob-
served textural and mineralogical destruction of the
original volcanic host rocks due to interaction with
the mineralising hydrothennal fluids.
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Figure 9-1: Cross section 19,800 mE showing the spatial variation of the K20INa20 ratio used as a measure of
alteration intensity,
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Table 9-1: Geochemical composition of representative propylitie- and phyllie-altered samples from the andesite-
dominated footwall sequence.
PRf-t PRf-2 PHf~1 PHf-2
WT9A- WT9A- WTi6- WTl6- WT16- WT22- WT22- WT22~ WT22- WTI6- WTl6- WT22-
100 144 210 145 186 100 148 163 222 125 170 208
SiOlwt.%
Ti02
AhO)
Fc20)
MnO
MgO
C.O
Nu20
K20
P20 5
LOI
C
S
Scppm
V
Co
Zn
A,
Rb
S,
Z,
Cd
C,
B,
TI
Pb
B;
Ti/Zr
Nb/Y
Th/U
K201 NU20
59.43
lo21
15.63
10.35
0.18
3.76
5.76
3.37
0.02
0.29
3.89
0.27
0.24
28
207
55
100
10
<I
410
89
0.4
0.2
59
0.6
4
1.3
81.6
0.24
0.01
51.05
1.27
18.37
10.74
0.19
2.77
12.53
2.85
0.02
0.23
4.02
0.46
0.02
29
286
56
76
6
<I
604
90
0.6
0.1
350
<0.5
7
<0.1
84.3
0.[9
2.86
0.01
60.36
1.05
17.79
7.27
0.09
J.J4
4.86
7.13
0.02
0.28
3.07
0.44
0.05
30
188
78
116
4
<I
342
98
0.3
0.2
31
<0.5
4
0.1
64.0
0.24
4.00
<0.01
59.62
0.62
17.13
10.11
0.12
4.08
3.61
4.26
0.33
0.13
5.79
0.47
2.35
26
220
114
117
9
7
116
54
<0.1
0.3
102
<0.5
8
<0.[
68.5
0.20
3040
0.08
58.98
0.70
18.33
8.70
0.1 I
3.40
6.13
3.09
0.43
0.13
5.28
0.60
0.10
29
290
69
109
4
9
349
65
0.1
0.4
248
<0.5
8
<0.1
64.3
0.29
3.33
0.14
62.06
0.89
16.01
7.94
0.16
2.14
7.43
2.82
0.27
0.26
4.89
0.52
1.27
26
119
37
133
26
5
292
107
0.3
0.1
124
<0.5
12
0.3
50.1
0.29
3.75
0.10
59.83
1.17
17.35
10.75
0.04
0.96
2.61
5.51
1.49
0.29
7.03
0.18
7.65
35
234
73
2,200
66
29
178
91
4.6
0.3
661
1.9
95
0.2
77.3
0.19
5.00
0.27
56.19
1.21
15.97
14.38
0.19
6.12
1.73
3.05
0.86
0.30
9.21
0.20
7.87
37
230
43
470
30
16
106
93
0.2
0.3
377
0.6
23
0.3
78.2
0.22
4.80
0.28
66.52
0.57
16.05
7.13
0.11
4.37
1.23
1.51
2.37
0.14
6.51
0.20
4.65
24
liD
24
753
15
47
75
117
1.3
0.6
521
1.4
145
0.1
29.3
0.47
4.82
1.57
60.88
0.79
19.76
10.78
0.02
1.38
1.48
1.77
2.96
0.19
7.97
0.12
6.45
34
291
33
32
6
56
173
75
<0.1
1.7
622
0.6
9
0.2
62.9
0.26
6.00
1.67
62.21
0.80
18.94
12.25
0.01
0.65
0.37
2.04
2.58
0.15
8.59
0.02
8.44
47
311
45
29
7
47
206
72
<0.1
1.2
384
0.6
15
0.5
66.9
0.26
4.40
1.26
65.01
0.78
16.28
9.62
0.12
4.73
0.43
1.35
1.52
0.18
8.08
0.03
6.02
32
222
67
576
32
29
158
77
I
0.5
701
1.2
186
0.1
60.5
0.26
4.60
1.13
Note: Chemical analyses of major elements were recalculated to 100 % anhydrous. - = not measured.
halo study. The composition of representa-
tive samples from the different alteration
facies are given in the Tables 9-1 and 9-2.
The samples from the footwall alteration
halo represent an entire spectrum of altera-
tion intensities. Least altered samples of the
propy1itic PRf-1 association are typified by
K20INa20 ratios below 0.05 because oflow
K20 contents «0.17 wt.%) and high Na20
concentrations that range up to 7.1 wt.%.
Incipient hydrothermal alteration of the an-
desitic host rocks is represented by the pro-
pylitic PRf-2 association. Most samples with
this mineralogical composition have
K20INa20 ratios below 0.2. Phyllic-altered
rocks of the PHf-1 and PHf-2 associations
have K20INa20 alteration indices in the
range of 0.2 to 2.0. Samples containing al-
bite exhibit K20 contents below 2.5 wt.%
and Na20 concentrations ranging up to 5.6
wt.%, whereas samples lacking a1bite typi-
cally exhibit lower Na20 concentrations
«2.5 wt.%). The K20INa20 ratios of the
samples from the PAf-1 associations are
variable and range from 0.5 to 3.7 reflecting
variations in the composition of the white
mica. The most intensely altered rocks from
the footwall of the deposit belong to the
phyllic PHf-3 association (K201Na20 ratios
ranging from 5.8 to 12.6) and the silicic SIf-
I association (K20lNa20 ratios between 2.6
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Table 9-2: Geochemical composition of representative phyllic-, phyllic-argillic-, and
silicic-altered samples from the andesite-dominated footwall sequence.
PHf-3 PAf-1 Slf-l
WT22- WT22- WT22- WT7- WT16· WTI6- WT2- WTI6- WT22-
244 256 264 171 245 257 440 276 277
Si02 wl.% 73049 61.69 69.79 67.32 75.32 65.18 68.15 75.90 74.31
Ti02 0048 0.75 0.54 1.14 0.82 1.24 0.60 0.74 0.52
AhOJ 12.96 19.20 14.75 13.55 14.68 23.06 8.36 14.09 13.90
Fe10J 8.41 9.66 9.13 13.96 7.38 5.21 19.52 4.73 6.88
MnD 0.01 0.09 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
M.O 0.72 259 1.06 0.15 0.07 0.19 0.27 0.19 0.18
C'O 0.10 0.55 0.17 0,59 0.50 0.41 0.25 0.24 0.12
NalO 0.39 0.43 0.32 1.10 0.76 0.95 0043 0.53 0.53
K,O 3.38 4.92 4.07 1.91 0.35 3.53 2.26 3.42 3.49
P20~ 0.06 0.12 0.13 0.28 0.13 0.24 0.17 0.17 0.08
LOI 6.44 9.19 7.02 9.82 7.65 6.44 10.42 4.29 5.38
C 0.02 0.06 0.02 0.05 0.03 0.04 0.03 0.03 0.02
S 6.13 6.33 6.73 9.83 5.42 3.74 13.68 3.62 5.14
Se ppm 27 37 29 26 12 32 8 9 20
V 165 232 192 127 178 187 51 82 139
Cu 173 53 188 37 26 19 352 32 49
Z, 474 441 1,485 4 4 9 15 4 70
A< 48 27 22 48 6 8 28 7 40
Rh 70 106 90 31 6 60 36 58 61
S, 34 47 32 178 188 183 31 73 43
Z, 66 114 78 138 95 169 72 89 71
Cd 1.2 0.1 0.2 0.3 0.2 0.2 0.2
C< 1.1 0.7 004 1.2 0.6 1.2 0.7
S, 520 83' 631 1.215 268 8J7 203 562 672
TI 1.7 1.6 <0.5 1.6 <0.5 1.9 3.3
Ph 142 95 28 22 10 8 14 13 25
B; <2 0.3 <2 0.5 0.6 0.5 3.8 OA 1.3
Ti/Zr 43.7 39.2 41.4 49.7 51.4 43.9 50.3 50.0 43.8
Nb/Y 0.31 0.29 0.25 0.58 1.67 0.59 1.00 1.67 0.57
Th/U 4.89 3.75 4.33 3.64 4.00 J.JJ 4.50
K~O/NalO 8.67 11.44 12.72 1.74 0.46 3.72 5.26 6A5 6.58
Note: Chemical analyses of major elements were recalculated to 100 % anhydrous. - =
not measured.
and 17.5). The Na20 content of these sam-
ples is below 0.9 wt.%, whereas the K20
concentrations range from 1.8 to 4.9 wt.%.
The vanatlOn of Si02 as function of the
K20INa20 ratio is shown in Figure 9-2. The
Si02 contents of tbe samples collected from
the footwall of the deposit broadly increase
from the least altered propylitic PRf-1 asso-
ciation to the silicic SIf-1 association. The
Ti02 contents of the footwall altered rocks
are relatively variable. However, intensely
altered samples of the PHf-3 and SIf-1 asso-
ciations appear to be characterised by lower
Ti02 concentrations than less intensely al-
tered equivalents (Figure 9-2). The scatter in
the Ti02 values probably results from a
combination of effects including primary
variability due to magmatic differentiation,
element mobility during hydrothennal al-
teration, and closure of the data.
The trend of Ah03 versus K20INa20 is in-
verse to that observed for Si02. Least altered
rocks of the PRf-1 association have elevated
Ab03 concentrations, whereas intensely
altered silicic rocks of the SIf-1 association
are typified by low Ah03 concentrations
«15 wt.%). The Fe203 whole rock contents
are relatively similar in the different alterat-
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Figure 9-3: Variation of loss on ignition, the total carbon content, and the sulphur concentration as functions
of the KzOINazO ratio in samples from the footwall alteration halo_
ion mineral associatIOns. Only a limited
number of samples are intensely mineralised
and show Fe203 concentrations exceeding
15 wt.% (Figure 9-2).
The MoO contents of the samples from the
footwall alteration halo broadly decrease as
function of the K20INa20 alteration index.
Propylitic-altered rocks of the PRf-l and
PRf-2 associations and samples from the
albite-bearing phyllic PHf-1 association
contain up to 0.2 wt.% MnO. Rocks col-
lected from the phyllic PHf-3, the phyllic-
argillic PAf-I, and the silicic SIf-1 associa-
tions have MoO concentrations that are usu-
ally below 0.02 wt.%. The whole rock MgO
contents scatter substantially and range up to
6.5 wt.% in weakly and moderately altered
samples from the footwall of the deposit.
However, the MgO contents in samples
from the silicic and phyllic-argillic altera-
tion fades are comparably low «I wt.%).
The whole rock CaO contents of the foot-
wall altered samples broadly decrease with
increasing alteration intensity. Intensely
altered rocks from the PHf-3 and SIf-l al-
teration mineral associations are typified by
CaO contents below 1.5 wt.%. The P20 S
concentrations in weakly to moderately al-
tered rocks from the footwall of the deposit
vary considerably. Intensely altered rock
samples from the phyllic PHf-3 and the si-
licic SIf-l associations are typified by rela-
tively unifonn P20S concentrations that are
below 0.3 wt.% (Figure 9-2).
Figure 9-3 shows that the LOI values are
low «6 wt.%) in the least altered samples of
the propylitic PRf-1 association, whereas the
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loss on ignition of most samples from the
phyllic, phyllic-argillic, and silicic alteration
facies are higher (>8 wt.%). The total car-
bon contents of the whole rock samples
broadly decrease with increasing K,OlNa,O
values. In contrast, the sulphur contents of
the rocks collected from the PRf-1 associa-
tion are relatively low «3 wt.%), whereas
samples from the phyllic, phyllic-argillic,
and silicic alteration facies have elevated
sulphur contents (Figure 9-3).
The concentrations of Se and V are variable
and show no correlation with the K,OlNa,O
alteration index (Figure 9-4). Only selected
samples from the silicic SIf-1 alteration fa-
cies show comparably low Se « 10 ppm)
and V «50 ppm) concentrations. Figure 9-4
shows that the whole rock concentrations of
Rb and Cs increase with increasing altera-
tion intensity. The Rb contents in the least
altered samples represented by the propylitic
PRf-1 alteration facies are typically below
10 ppm and increase to values exceeding 30
ppm in samples of the phyllic PHf-3 and the
silicic SIf-l associations. The concentration
of Cs is typically below 0.2 ppm in least
altered rocks from the footwall of the de-
posit, whereas rocks collected from the
phyllic PHf-3 and the silicic SIf-l associa-
tions are typified by elevated Cs concentra-
tions (>0.5 ppm). The variation trend of Ba
closely resembles that observed for the al-
kaline elements Rb and Cs.
The whole rock Sr concentrations display a
variation trend inverse to that observed for
Rb (Figure 9-4). The samples from the pro-
pylitic alteration facies are typified by Sr
concentrations ranging up 700 ppm, whereas
samples from the phyllic PHf-3 and the si-
licic SIf-1 associations usually have Sr con-
centrations below 100 ppm. Due to the con-
trasting geochemical behaviour of Rb and
Sr, the Rb/Sr ratio provides an useful geo-
chemical indicator that can be used to dis-
tinguish samples of different alteration in-
tensities. Propylitic-altered rocks typically
138
show Rb/Sr ratios below 0.05, whereas
phyllic-argillic-altered rocks of the PAf-l
association and phyllic samples from the
PHf-l and PHf-2 associations have Rb/Sr
ratios ranging from approximately 0.05 to
0.5. Intensely altered rocks from the phyllic
PHf-3 and the silicic SIf-1 associations are
typified by Rb/Sr ratios ranging from 0.5 to
3.5.
The concentration of Zr is relatively con-
stant throughout the entire range of
K,OlNa,O values although some scatter can
be observed at elevated alteration intensities
(Figure 9-5). This scatter may result from a
combination of effects including primary
heterogeneity due to magmatic differentia-
tion and element mobility during hy-
drothermal alteration. Figure 9-5 also shows
the variation plots for the NbN and ThIU
ratios. The NbN ratio is relatively constant
at K,OlNa,O values up to 0.2, whereas
some samples with higher K,OINa,O values
display elevated NbN ratios due to anoma-
lous low Y concentrations. The ThIU ratios
of samples from the footwall alteration halo
are variable and display no consistent trend.
The variation trends of As, Cu, Zn, and Pb
as functions of the K,OlNa,O ratio are given
in Figure 9-5. The concentrations of As are
relatively erratic although samples with high
K,OINa,O ratios commonly display ele-
vated As concentrations (>20 ppm). The Cu
content in samples from the footwall altera-
tion show no correlation with the alteration
intensity. Several silicic-altered samples are
typified by elevated Cu concentrations
ranging up to 500 ppm. The content of Zn in
the footwall alteration halo broadly in-
creases from least altered samples of the
PRf-1 association to the intensely altered
equivalents. The highest Zn levels occur in
rocks of the PHf-3 and SIf-1 associations.
The phyllic-argillic alteration facies is virtu-
ally devoid of Zn «10 ppm). The Pb con-
tent ofpropylitic-altered samples is typically
below 20 ppm and broadly increases with
9 Geochemistry of hydrothermally altered volcanic rocks 139
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Table 9-3: Geochemical composition of representative propylitic- and phyllie-altered
samples of the hanging wall marker horizon.
PRh-1 PRh-2 PHh-l
WTl6- WT22- WT23- WTl6- WT21- WT21- WT9A- WT23- WT25~
343 329 391 333 311 319 254 406 428
Si02wl.% 70.54 59.09 74.02 71.16 65.55 64046 69.18 71.38 68.61
TiOz 0.37 0.73 0.32 0.41 0.73 0.46 0.40 0.36 0042
AhO) 14.56 24.77 12,93 16.02 19.69 19.47 16.88 15.27 16.79
FelO) 3.70 5.34 3.26 3.80 5,07 5.13 3.19 3.34 3.55
MnO 0.16 0.06 0.07 0.10 0.02 0.20 0.11 0.08 0.06
MgO 1.12 1.65 1.04 1.47 1.80 2.92 2.85 2045 2.02
CaO 3.54 0.78 4.01 3.37 1.54 2.39 4,58 4.14 4.44
Na20 4.57 1.91 3.28 1.55 3.09 2.04 1.14 1.57 1.23
K,O 1.38 5.52 1.02 2.04 2.37 2.86 1.61 1.35 2.81
P1O~ 0.07 0.14 0.06 0.08 0.14 0.07 0.06 0.06 0.06
L01 4.03 5.00 3.24 5.13 5.71 5.30 6.53 4.73 6.06
C 0.71 0.47 0.51 0.67 0.19 0.50 0.97 0.78 0.89
S 0.02 0.01 0.02 0.10 3.31 <0.01 0.05 <0.01 0.01
Scppm 11 21 8 11 29 17 14 10 12
V 47 87 40 53 159 38 52 28 32
Cu 7 12 3 3 68 4 8 4 2
Zn 97 101 31 71 194 188 222 63 61
A, <3 4 4 4 122 6 <3 4 <3
Rb 47 179 35 59 51 83 45 41 79
S, 352 184 541 430 380 197 1,317 261 314
Z, 69 190 61 79 139 178 136 137 167
Cd 004 0.2 0.2 0.3 0.3 lA 0.3 0.3
C, 1.5 404 0.9 2.1 0.6 1.2 3.3 2.2
Ba 309 1,903 1,073 778 4,800 2,100 2,100 480 1,604
Tl <0.5 2.8 <0.5 0.8 8.1 2.6 0.9 1.3
Pb 6 5 6 11 97 8 7 7 5
Bi 0.2 0.1 0.1 0.2 0.3 <2 0.1 0.5 <0.1
Ti/Zr 31.7 23.0 31.6 11.3 31.4 15.4 17.6 15.8 15.0
NblY 0.11 0.48 0.33 0.46 0.50 0.18 0.32 0.37 0041
ThlU 5.57 12.86 5.00 8.17 1.04 7.00 6.15 11.43
KJO/NaJO 0.10 . 2.89 0.31 1.32 0.77 1040 1.41 0.86 2.28
Note: Chemical analyses of major elements were recalculated to 100 % anhydrous. - =
not measured.
increasing alteration intensity (Figure 9-5).
In addition to elevated base metal concen-
trations, several samples from the phyllic
PHf-3 and the silicic SIf-1 associations are
typified by high contents of the elements Cd
(>2 ppm), Tl (>3 ppm), and Bi (>1.5 ppm)
when compared to weakly altered equiva-
lents (Table 9-2).
9.4 Hanging wall alteration balo
The geochemistry of the hanging wall al-
teration halo was studied using samples
collected from the phyllic and propyiitic
alteration facies previously described in the
context of the mineralogical alteration halo
study. Chemical analyses of representative
samples from the hanging wall marker hori-
zon are given in the Tables 9-3 and 9-4. The
compositiDn Df samples collected frDm the
hydrothermally altered hanging wall dacite
cryptDdDme are listed in Table 9-5.
Samples from the hanging wall represent a
wide spectrum Df alteratiDn intensities with
K20INa20 ratiDs ranging from 0.01 tD 5.9.
Least altered samples Df the propyiitic PRh-
I assDciatiDn cDntain substantial amounts of
Na20 (1.9 tD 6.9 wt.%) and minor K20. The
K20INa20 ratiD of least altered rocks is,
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Table 9-4: Geochemical composition of representative phyl-
lie-altered samples ofthe hanging wall marker horizon.
PHh-2 PHh-4
WT7- WTl7- WT21- WTl7- WT21- WT21-
200 118 335 114 298 306
SiOzwl.% 74.88 74.18 69.21 62.43 62.51 35.27
TiO! 0.31 0.46 0.44 0040 0.67 0.60
AlzO l 12.73 13.67 17.57 18.01 17.55 15.88
FC10l 2.63 5.51 3.83 13.61 7.70 40.88
MoO 0.18 0.07 0.07 0.01 0.10 0.04
MSO 1.66 3.23 2.75 0.77 3.86 1.43
CaD 4.98 0.19 2.07 0.07 3.37 1.81
Na10 0.66 0.76 0.58 0.90 0.87 1.00
K,O J.9l 1.8) 3.40 3.72 3.25 3.03
P20~ 0.05 0.10 0.07 0.08 0.13 0.06
LOI 6.28 3.23 4.84 8.99 7.89 20.21
C 1.02 0.03 0.44 0.04 0.58 0.17
S 0.01 0.07 <0.01 9.89 5.50 25.15
Se ppm 10 16 12 14 27 30
V 25 72 32 102 131 114
Cu 16 690 2 1,500 72 6,800
Zo 131 923 147 J 1.200 1,015 60,400
A, <3 15 <3 364 48 1,696
Rb 48 47 98 77 67 56
S, 242 107 146 220 129 301
Z, 109 109 171 149 126 89
Cd <0.1 0.6 0.3 28.3 2.5 151
C, 1.2 1.2 1.9 1.9 0.8 0.8
S, 2,100 5,500 1,568 11,900 1,967 8,600
TI 1.9 4.7 2.5 50.4 6.0 9.8
Pb 7 304 8 4,900 143 6,600
Si 0.1 1.2 0.5 0.7 0.3 907
Ti/Zr 17.1 25.2 15.5 16.2 31.8 40.2
NblY 0.33 0.39 0.41 0.33
Th/U 4.55 2.00 8.18 3.57
K10I NalO 2.89 lAI 5.86 4.13 3.74 3.03
Note: Chemical analyses of major elements were recalculated
to 100 % anhydrous. - = not measured.
therefore, usually below 0.3. Due to the
abundant occurrence of albite, samples col-
lected from the propylitic PRh-2 association
also show high Na20 contents (1.3 to 6.9
wt.%). However, due to elevated K20 val-
ues (> 1.0 wt.%), the K20INa20 ratios of
some samples from this alteration mineral
associations exceed 0.3.
Phyllic-altered samples of the PHh-1 and
PHh-3 associations lack albite as a major
alteration phase, but abundantly contain Na-
rich white mica. The Na20 content of sam-
ples from these associations ranges from 1.0
to 1.8 wt.% and the K20 values vary be-
tween l.l and 3.7 wt.%. Samples from the
PHh-1 and PHh-3 alteration mineral asso-
ciations have K20INa20 ratios ranging from
0.7 to 2.9. The phyllic-altered rocks of the
PHh-2 and PHh-4 associations contain mus-
covite as the only mica species and also lack
albite as a major alteration phase. Therefore,
the samples have Na20 values below 1.2
wt.%, whereas the K20 concentrations range
up to 7.0 wt.%. The K20INa20 ratios of
samples from these alteration mineral asso-
ciations typically exceed 2.5.
The vanatIon of Si02 as function of the
K20INa20 alteration index is given in Fig-
ure 9-6. The weakly to moderately altered
rocks from the hanging wall exhibit a
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Table 9·5: Geochemical composition of representative propylitic- and phyllic-altered samples
of the hanging wal1 dacite cryptodome.
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PRh-1 PRh-2 PHh-3 PHh-4
WT22- WT23- WT24- WT22- WT22- WT23- WT22- WT23- WT24- WT22-
314 416 415 302 307 455 295 460 516 286
Si02 wt.%
TiOl
AhOJ
Fe20J
MnO
MgO
CaG
Na20
K,O
P20S
LOI
C
S
Scppm
V
Co
Zn
As
Rb
S,
Z,
Cd
Cs
B,
TI
Pb
B;
TilZr
NbfY
Th/U
K20/Na10
66.94
0.56
15.25
6.42
0.10
1.52
3.41
5.02
0.65
0.14
4.02
0.64
<0.01
19
73
2
188
4
19
221
119
0.2
0.4
349
0.6
1I
0.2
28.4
0.39
15.00
0.13
65.17
0.62
15.90
6.63
0.09
1.35
3.45
6.08
0.58
0.12
3.58
0.60
0.01
20
90
14
132
5
17
290
123
0.3
0.8
246
0.7
14
0.5
30.3
0.47
20.00
0.10
62.64
0.72
15.84
7.08
0.07
2.18
2.64
6.01
0.19
0.18
2.52
0.20
<0.01
22
76
2
107
7
6
197
145
0.2
0.3
74
<0.5
6
0.2
30.5
0.28
6.36
0.03
66.93
0.63
16.97
4,88
0.07
1.73
2.15
5.51
0.97
0.16
3.34
0.38
0.01
21
85
22
218
8
26
241
128
0.1
0.8
1,085
2.3
9
0.2
29.6
0.30
3.85
0.18
68.66
0.52
13.03
3.84
0.02
0.28
2.67
5.48
0.68
0.15
4.47
0.46
2.74
18
47
15
186
10
17
207
110
1.2
0.3
380
0.8
29
0.6
29.7
0,30
1.08
0.12
69.88
0.71
16.21
3.83
0.04
1.44
2.02
5.31
0.38
0.18
3.36
0.37
0.21
23
102
15
78
3
8
336
141
0.3
0.6
339
<0.5
7
0.3
30.3
0.33
2.31
0.07
63.01
0.78
19.31
6.90
0.05
1.75
3.06
1.28
3.74
0.12
7.54
0.85
4.72
22
86
22
265
53
78
961
148
0.7
0.9
18,400
16.5
71
0.2
31.6
0.56
2.92
63.91
0.58
15.51
13.39
0.06
3.18
0.83
1.44
1.06
0.06
8.86
0.06
9.09
29
162
361
228
37
22
418
106
0.6
0.7
1,069
1.2
258
1.1
32.6
0.38
0.65
0.74
68.63
0.68
16.79
4.02
0.05
1.46
4.52
1.81
1.86
0.17
6.65
0.72
2.51
23
83
10
69
13
36
429
132
0.3
0.6
1,128
1.5
II
0.2
30.9
0.33
4.29
1.03
43.01
1.19
28.56
17.74
0.01
0.92
0.37
1.21
6.95
0.D3
13.07
0.04
11.68
37
144
418
1,900
377
133
234
223
5.0
1.7
10,400
45.8
846
0.3
31.9
0.22
2.14
5.74
Note: Chemical analyses of major elements were recalculated to 100 % anhydrous. - = not
measured.
restricted range of Si02 contents, whereas
some intensely altered samples of the PHh-4
association are characterised by distinctly
low Si02 contents. The concentration of
Ti02displays a broad scatter in the variation
diagram probably reflecting a combination
ofprimary inhomogeneity and closure of the
data.
The Ah03 contents of the least altered rocks
from the hanging wall of the Waterloo de-
posit are below 19.0 wt.%. The range of
Ah03 concentrations in phyllic-altered sam-
ples is similar to that of the least altered
equivalents of the PRh-l association. Only
one sample of the PHh-4 association was
found to exhibit an anomalous Ah03 con-
tent of 28.6 wt.% (Figure 9-6). The whole
rock Fe203 contents broadly decrease from
the least altered rocks collected from the
PRh-l association to intensely altered
equivalents with K20INa20 ratios exceeding
2.0 (Figure 9-6). Elevated Fe203 concentra-
tions are restricted to several samples of the
PHh-2 and PHh-4 associations containing
substantial amounts of hematite and pyrite,
respectively.
The MnO contents in hanging wall altered
samples are typically below 0.1 wt.% and
show no correlation with the K20INa20
ratio. Only some propylitic and phyllic-
9 Geochemistry of the hydrothermal alteration halo 144
90 I I 14 I I
:"
,,:
t:. : •
t:f:)f!"o~4;d> &0 ~ Z~
" e , ,,0 ,~
~: f! "J1J:~a
1
~'
so
"
60
50
40
JO
20
"
'" ~~ ll?': ~ ~~
" 1f!!b. g, ~<'j3 'V a
,,; "00 ;'f?"
: 0'
: ~
~
:"
1.2
1.0
~ O.R
q"
l- 0.6
04
"
o ~
10 0.2 a:
wcnk moder:lIC mlensc weak mmlc",lc mtenSe
,30 I ...
~
20 I I
'"
16o :"25
lllodCr-l!C
7
i0:.
"
20
"
10
"
" ;~o
"'\,,""'&>, "~~: b.
weak
" :
o o:~
~"" . ....,<7~o .'b
a:
IIltense
I
~~
'4
12
10
"
o . ~
6.;
~
b. :.Ib. A ;0
t"~i "ooo.'f; a
"0" gth:~ ~
: modemtcweak . intense
o I I
O~i I
0.15 :"
6 0:
Do : 0
o
~~
<> O·D.
o .V
e:
ej'
modem!c
:"
o
,,:
b.: A
" 'V
00'"
" L:/utt; I:/:,q,'l>?'
o "" :f'; e. ib" : ~"
0.5
4,0 I :... Intense II'.'Cak • V
35
I.;
1.0
HJ
2.5
.
! 2.0
~,
IllIC'lSC
:"1
modem!c 0:
",,: 'V: ~
,," : ",,'Cl:
" 'If:,,.'V. \h 0"0~8,, ;~ ~.,.0: 0V: MM
weak
"
0.25
0.30
0.10
0.05
~ 0.20
6
~
•
weak
;0
IllUdemtc mlensc
O~I I
o
0.25
'00
intense
"'
1.0
modcmtc
K,OINa,o
0>
o :6
l:J. 6. ; 0 6.0
" ",,0 '<iD .~b , 0 :
6. : ,
li : '0
e:" ,,~~'V"o6.:~ ~'V~
. ~
wcak
om
"
(l.OOl
0.05
010
0,20
~.
£ 0,15
~~
'0010
K,olNa,o
"
0.1 1,0
"
om
"
6) :0
OV'.y
• "- 'V.t:. :l:!.. V :
'" ,..,.,' ...LP ""': u ~;'O
"0'" .Mt:.fj.:tit:.fT: Cl
"" .~o '7:1.:: OA.
V
:
. ~:"
. ~~_~~~;:-;-i....~~'f'~S!"":;J.Jo~t::~~~~:;1o 1-
0.001
3
~
i
Figure 9-6: Variation of major elements (renormalised to 100 % anhydrous) as functions of the K20INa20
ratio in samples from the hanging wall alteration halo. Symbols as in Figure 9-7.
9 Geochemistry of the hydrothennal alteration halo 145
12 r'-------~~--__,_-----___, 12 r'--------c---~-----,
: <> j ...
: ~~'Z.Id'~#~1~ 0
100
Intense
'"
10
A : [J
... V:
",17%
17 :
°00;
modCllllC
'"
01
wcnk
0.01
'"
'"
'"o t:.. 0 M
'" &0 ti", "'0
Do 0 .&.
'" "'"t::. .6.;1::..& :"
'" 0, 1
.'" '01 ,p," ,"'.p, .. : O§?m.... ,
O.()Q!
LO
0.4
02
0.8
:§, 06
"
mlCnsc
..
modcmlC : ...WCllk
'"
'"
"
",
"
1 12
§ 10
K,DIN",o
lJ PJ-lh-2 :JssOCH!liun: muS\;ovitc-chluritc-quartz (n== 4)
V PHh-J assoclUlion: muscuVII~ral"',Jgonitc-NalK mica-
chlorilc-quarlz (11'" 10)
I'ropyhtic uhcr.llion fllCics
o I'Rh-2 assl)(;l,llion: ,llbllc-muscovitc-chloritc-para-
gunilc-NalK mkll-qum1Z-c<l1cilc(n= (1)
D. PRh·1 assochltion: albilc-muscovitc-chloritc-cpidolC-
quart7.-c;\lcifC (IF 25)
Phyllic .thcr.llion rllCil'S
M PHh·4 assoclalllm: pyrilc-lllllSCovilc-qllOlr\z (0'" 4)
<> PHh-3115Sucilllion; pyrilc.muscovi(c,p<lmgonitc-
Na/K llllca-chloritC·qUllr17. (n'" 3)
'00
1Il\~Il~C
..
..o
nn'l!cr;'lc : ...
() 1 I (} 10
K,o'N~,o
0.01
2 : d'o' 0 .
l} :0 <>'
0.001
"
"I weak
12
20
"
"~ 14
6 12
" 10
Figure 9-7: Variation of loss on ignition, the total carbon content and the sulphur concentration as functions
of the K20INa20 ratio in samples from the hanging wall alteration halo.
altered samples display anomalous MnO
contents (Figure 9-6). The MgO concentra-
tion in the propylitic-altered rocks of the
PRh-1 association is variable and ranges up
to 3.0 wt.%. Phyllic-altered samples with
K,OlNa,O ratios exceeding 0.2 are typified
by a broad scatter of MgO concentrations
ranging from 0.7 to 3.9 wt.%. In contrast to
the altered rocks from the footwall of the
Waterloo deposit, MgO depletion is not
pronounced in the most intensely altered
rocks of the hanging wall (Figure 9-6).
The CaO concentrations of the hanging wall
altered samples do not show consistent
changes with the alteration intensity. Propy-
litic-altered rocks of the PRh-1 association
typically contain more than 2 wt.% CaO,
whereas only some samples with K,OlNa,O
ratios exceeding 2.0 have CaO concentra-
tions close to the detection limit (Figure 9-
6). The whole rock P,Os concentrations
broadly decrease with increasing K,OlNa,O
ratios indicating that intense alteration may
have resulted in P,Os depletion (Figure 9-6).
Figure 9-7 displays the variation trends of
the loss on ignition, the total carbon content,
and sulphur as functions of the K,OlNa,O
ratio. The LOI values of the hanging wall
altered rocks increase from below 5.0 wt.%
in propylitic-altered rocks of the PRh-1 as-
sociation to values exceeding 6.0 wt.% in
intensely altered equivalents. The highest
LOI values occur in phyllic-altered samples
of the PHh-4 association. The total carbon
content of samples with K,OlNa,O ratios
below 0.2 displays a broad scatter, whereas
samples with higher K,OlNa,O ratio ap-
pears to cluster into two groups of relatively
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low and relatively high total carbon concen-
trations, respectively. The sulphur content of
most samples from the hanging wall of the
Waterloo deposit is below 1.0 wt.%. Only
some samples of the phyllic PRh-l, PHh-3,
and PHh-4 associations show elevated sul-
phur concentrations.
Figure 9-8 shows the Sc and V concentra-
tions of the hydrothermally altered rocks
from the hanging wall are relatively constant
at K20INa20 ratios below 0.2, but vary er-
ratically at elevated alteration intensities. In
contrast, Rb and Cs show a clear positive
correlation with the K20INa20 ratio (Figure
9-8). Most propylitic-altered samples of the
PRh-1 association have low Rb and Cs con-
centrations «30 ppm Rb and <1 ppm Cs),
whereas phyllic-altered samples commonly
contain significantly higher Rb and Cs con-
tents.
The Sr concentrations of the hanging wall
altered samples broadly decrease with in-
creasing alteration intensity (Figure 9-8). As
in the case of the footwall alteration, the
contrasting geochemical behaviour of Rb
and Sr allows the use of the Rb/Sr ratio as a
measure of alteration intensity (Figure 9-8).
The behaviour of Ba parallels that observed
for Rb and Cs. The Ba concentrations in-
crease systematically with increasing altera-
tion intensity. Hydrothermally altered sam-
ples from the hanging wall of the Waterloo
deposit with K20INa20 ratios below 0.2
have Ba concentrations smaller than 500
ppm, whereas the content of this element is
significantly higher in moderately and in-
tensely altered equivalents.
In contrast to the alkaline and earth alkaline
trace elements, the Zr content of intensely
altered samples overlaps with the range of
least altered equivalents. The Nb/Y ratio
also lacks a correlation with the alteration
intensity. The Th/U ratios of the hanging
wall altered samples vary erratically and
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show no correlation with the K20INa20
ratio (Figure 9-9).
The As concentrations in samples from the
hanging wall alteration halo are typically
below 20 ppm although some mineralised
samples of the PHh-4 association show ele-
vated As concentrations. The base metal
contents of the hanging wall altered rocks
broadly increase with increasing K20INa20
values. Weakly altered samples with
K20INa20 ratios below 0.2 contain less than
10 ppm Cu, 150 ppm Zn, and 20 ppm Pb,
whereas several moderately to intensely
altered samples display significantly higher
concentrations of these elements (Figure 9-
9). The most intensely mineralised samples
belong to the PHh-3 and PHh-4 associa-
tions. Several samples with K20INa20 val-
ues exceeding 2.0 exhibit elevated Cd con-
tents (>1 ppm). The highest Cd concentra-
tions occur in phyllic-altered rocks of the
PHh-4 association (2.5 to 151 ppm Cd). TI
concentrations exceeding 5 ppm were also
frequently observed in samples of this al-
teration mineral association. The Bi con-
centrations are usually close to, or below the
detection limit. However, a maximum value
of 907 ppm was observed in one sample of
the PHh-4 association.
9.5 Geochemical indicators of proximity
to ore
From the results presented above, it is clear
that the concentrations of several major and
trace elements vary systematically as nmc-
tions of alteration intensity and may, there-
fore, also be used as indicators of proximity
to the massive sulphides. These geochemical
indicators can be utilised to delineate zones
of intense hydrothermal alteration and,
therefore, supplement information obtained
from alteration logging.
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Figure 9-11: Down hole variation of major elements (renormalised to 100 % anhydrous), minor, and trace
element concentrations in drill hole WT22. Shaded areas correspond to zone of intense hydrothermal altera-
tion.
9 Geochemistry of the hydrothermal alteration halo
Two representative drill holes were selected
to illustrate the relationship between the
systematic geochemical changes and prox-
imity to the massive sulphides (Figures 9-10
and 9-11). The two drill holes WTl6
(19,900 mE at Waterloo East) and WT22
(19,500 mE at Waterloo West) were col-
lared from the andesite-dominated footwall
of the Waterloo deposit and penetrated the
footwall alteration halo, the mineralised
horizon, and the hanging wall alteration.
The outer footwall alteration halo in both
drill holes is typified by propylitic alteration
with local zones of phyllic alteration occur-
ring in drill hole WTl6. The zone of propy-
litic alteration grades into phyllic alteration
in drill hole WT22, whereas a zone of phyl-
lic-argillic alteration was recorded to occur
in drill hole WT16. The immediate footwall
to the massive sulphides in both drill holes
is characterised by a zone of silicic altera-
tion. The zones of intense hydrothermal
alteration enveloping the massive sulphides
are geochemically defined by KzOINa20
ratios exceeding values of 2.0 (shaded areas
in Figures 9-10 and 9-11).
This inner footwall alteration halo is typified
by low MgO, CaO, and Na20 values and
elevated K20 concentrations. Moreover, the
intensely altered rocks of the inner footwall
alteration halo are characterised by low total
carbon contents and high LOI values (oot
shown). High Si02 concentrations along
with K20 enrichment may serve as indica-
tors of proximity in the footwall. Intense
alteration in the hanging wall of the ores is
limited in extent. Pronounced Si02 enrich-
ment was not observed, whereas K20 en-
richment occurs only locally. The zone of
intense hanging wall alteration rapidly
grades into a zone of hydrothermal altera-
tion typified by elevated CaO, MnO, and
total carbon concentrations.
In addition to the major elements, Rb, Sr,
Cs, and Ba are useful in delineating zones of
intense hydrothermal alteration proximal to
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the massive sulphides in the footwall and in
the hanging wall. The elements Rb, Cs, and
Ba display distribution patterns that closely
resemble that of KzO. Elevated concentra-
tions of these elements occur in the inner
alteration halo. Sr behaves geochemically
similar to Ca and typically shows low con-
centrations close to the massive sulphides.
Consequently, the Rb/Sr ratio also provides
a good indicator of proximity to ore. The
contents of the base metals Cu, Zn, and Pb
and the trace elements As, Cd, Tl, and Bi
vary erratically within the alteration halo
and appear to be less useful to distinguish
between an inner and an outer alteration
halo as defined by the alteration mineralogy
and the major element analyses.
9.6 Summary
The effects of alteration on tl,e composition
of the volcanic rocks hosting the massive
sulphides have been examined by compar-
ing the major and trace element characteris-
tics of the different alteration facies and
mineral associations. It was found that the
textural and mineralogical destruction of the
original volcanic rocks is broadly paralleled
by K20 enrichment and Na20 depletion of
the altered rocks. The K20INa20 whole rock
ratio, therefore, provides an useful geo-
chemical measure of alteration intensity at
Waterloo.
Several major and trace elements were
identified that vary systematically as func-
tions of the alteration intensity. Increasing
K20INa20 ratios are paralleled by Rb, Cs,
and Ba enrichment, whereas the concentra-
tions of MgO, CaO, and Sr typically de-
crease with increasing alteration intensity.
Down hole variation plots revealed that
these characteristic depletion and enrich-
ment patterns could also be used as indica-
tors of proximity to the massive sulphides
because an inner alteration halo enveloping
9 Geochemistry of the hydrothennal alteration halo
the ore can be distinguished from an outer
alteration halo.
The down hole variation plots reveal that the
zone of intense hydrothermal alteration is
larger in the footwall than in the hanging
wall. Alteration in the footwall of the de-
posit was accompanied by the addition of
sulphur, whereas elevated sulphur concen-
trations occur only locally in the hanging
wall. An additional difference between the
footwall and the hanging wall alteration halo
is the pronounced Si02 and K20 enrichment
in the immediate footwall of the ores,
whereas K20 enrichment in the hanging
wall is not paralleled by increasing Si02
concentrations. The occurrences of pro-
nounced geochemical anomalies of As, Cu,
Zn, Pb, Cd, Tl, and Bi is restricted to in-
tensely mineralised samples collected from
the favourable horizon.
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10.1 Introduction
10 MlNERALOGY OF WHITE MICA
distinction between a1uminoce1adonite and
celadonite substitutions.
White mica were found to be a principal
component of the least altered volcanic
rocks of the Waterloo sequence and also
occur abundantly within the hydrothennal
alteration halo. The XRD investigations
carried out as a part of the alteration halo
study revealed that the white mica exhibit
considerable compositiona1 and structural
variations. Because the crystal chemical
properties of the white mica contained in
different stratigraphic positions of the Wa-
terloo sequence have not been previously
studied, the present research work aimed to
(1) detennine the nature of the different
mica species and (2) to constrain the proc-
esses of mica fonnation.
10.2 Phengite
Phengite is the only white mica species oc-
curring in propylitic-altered volcanic rocks
of the Waterloo sequence that were not
subject to hydrothennal alteration. In accor-
dance to a recent nomenclature definition by
the Commission on New Minerals and Min-
eral Names of the International Mineralogi-
cal Association (Rieder et aI., 1999), the
term phengite is used here as a series name
for the solid solution between muscovite
[general fonnula K,A14 (AhSi60 2o) (OH)4],
aluminoceladonite [general fonnula K,Ah
(Mg, Fe'+h (SigO,o) (OH)4], and celadonite
[general fonnula K,Fe3+, (Mg,Fe'+h (SisO,o)
(OH)4]. However, it is important to note that
the Fe3+ content of the white mica was not
determined in the present study precluding a
Phengite forms packets that are up to -5 flm
thick. Adjacent phengite packets are com-
monly of different brightness in high-
contrast BSE images suggesting that some
compositiona1 variations exist (plates XIA
and XIB). Representative EMP analyses of
phengite contained in two representative
mudstone samples from the hanging wall of
the Waterloo deposit are given in Table 10-
1. The chemical analyses show that phengite
is typified by low Na' [= Na/(Na+K+Ca)]
values ranging from 0.01 to 0.07 (Figure 10-
I). The Si content typically exceeds 6.2 at-
oms per formula unit (apfu). Phengite is
characterised by a high content of divalent
octahedrally coordinated cations with Mg
and Fe ranging from 0.08 to 0.52 apfu and
0.02 to 0.50 apfu, respectively (Figure 10-
2).
The lattice parameters of phengite was de-
termined by the Rietve1d method using XRD
data (Monecke et aI., 2001c). The a lattice
parameters vary from 5.192 to 5.215 A (av-
erage 5.206 A) and the b dimensions range
from 9.015 to 9.057 A (average 9.034 A).
The 1I2csinB value was found to vary from
9.968 to 9.987 A (average 9.977 A). The
observed unit cell dimensions of phengite
are directly related to the chemical compo-
sition. The a and b dimensions are relatively
high when compared to ideal muscovite
because the aluminoceladonite substitution
affects the octahedral sheet and causes the
sheet to enlarge along x and y. The increase
in v1Fe2++V1Mg should also result in a de-
crease in the rotation of the tetrahedra in the
phengite structure causing an enlargement
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Table 10-1: Representative electron microprobe analyses and calculated structural formulae of
phengite contained in the least altered mudstone samples WT2-280 and WT2-338.
WT2-280 WT2-338
2 3 4 5 6 I 2 3 4 5 6
SiO~ 49.55 49.45 49.10 49.55 46.37 47.07 48.30 48.88 48.61 48.21 47.90 47.54
Ti02 0.28 NO 0.15 0.06 0.08 0.31 0.43 0.25 0.47 1.33 0.18 0.42
AbOl 30.54 30.59 3052 31.89 35.32 32,66 30.97 30.62 31.67 31.14 31.95 34.86
Cr20l NO NO NO NO NO NO 0.Q7 0.07 0.09 0.05 NO 0.09
FeO 2.37 2.49 2,59 2.02 2.02 2.63 3,16 2.36 2.23 2.54 1.69 0.16
V20 3 NO NO NO NO NO NO NO NO NO 0.09 NO 0.72
MnO 0.16 NO 0.05 NO 0.07 0.06 0.06 NO NO NO NO NO
MgO 2.19 2.17 2.30 1.59 0.61 1.76 2.08 2.00 1.87 1.70 1.78 1.32
CuO NO NO NO NO NO NO NO NO NO NO NO NO
B,O 0.19 0,29 NO 0.07 0.34 NO 0.15 0.34 0.37 0.19 0.31 NO
Na20 0.06 0.09 0.13 0.32 0.43 0.52 0.18 0.21 0.21 0.23 0.30 DAD
K20 10.78 11.03 11.41 10.91 10.79 9.73 10.68 10.95 10.88 10.80 10.65 10.61
F 0.11 0.12 0.20 0.11 0.14 0.16 0.26 0.34 0.32 0.31 0.26 0.22
Cl NO NO NO NO NO NO NO NO NO NO NO NO
H,O 4.47 4.46 4041 4.50 4.44 4.39 4.37 4.33 4.37 4.36 4.34 4046
O.F -0.05 ~0.05 ·0.08 -0.05 -0.06 -0.07 -0.11 -0.14 ·0.13 ·0.13 -0.11 ·0.09
O.CI NO NO NO NO NO NO NO NO NO NO NO NO
1: 100.65 100.64 100.78 100.97 100.55 99.22 100.60 100.21 100.96 100.82 99.25 100.71
Si 6.57 6.57 6.53 6.53 6.17 6.32 6.44 6.53 6.44 6.41 6.43 6.24
AllY 1.43 1.43 1.47 1.47 1.83 1.68 1.56 1.47 1.56 1.59 1.57 1.76
AIYI 3.34 3.36 3.31 3.48 3.71 3.48 3.31 3.36 3.39 3.29 3.49 3.64
Ti 0.03 NO 0.02 0.01 0.01 0.03 0.04 0.03 0.05 0.13 0.02 0.04
C, NO NO NO NO NO NO 0.01 0.01 0.01 0.01 NO 0.01
Fe2' 0.26 0.28 0.29 0.22 0.23 0.30 0.35 0.26 0.25 0.28 0.19 0.02
V NO NO NO NO NO NO NO NO NO 0.01 NO 0.08
Mn2' 0.02 NO 0.01 NO 0.01 0.01 0.01 NO NO NO NO NO
Mg 0.43 0.43 0.46 0.31 0.12 0.35 0.41 0.40 0.37 0.34 0.36 0.26
Ca NO NO NO NO NO NO NO NO NO NO NO NO
B, 0.01 0.02 NO <0.01 0.02 NO 0.01 0.02 0.02 0.01 0.02 NO
Nu 0.02 0.02 0.03 0.08 0.11 0.14 0.05 0.05 0.05 0.06 0.08 0.10
K 1.82 1.87 1.94 1.83 1.83 1.67 1.82 1.87 1.84 1.83 1.83 1.78
F 0.05 0.05 0.08 0.05 0.06 0.07 0.11 0.14 0.13 0.13 0.11 0.09
Cl NO NO NO NO NO NO NO NO NO NO NO NO
OH 3.95 3.95 3.92 3.95 3.94 3.93 3.89 3.86 3.87 3.87 3.89 3.91
N, 0.01 0.01 0.02 0.04 0.06 0.08 0,0] 0.03 0.03 0.03 0.04 0.05
K' 0.99 0.99 0.98 0.96 0.94 0.92 0.97 0.97 0.97 0.97 0.96 0.95
Notes: Mica formulae were calculated on the basis of 22 oxygen equivalents. All iron is given
as ferrous iron. H20 and OH are calculated from stoichiometry. Na· is defined as
Na/(Na+K+Ca) and K' is K/(Na+K+Ca). NO ~ not detected.
of the interlayer site which, in turn, enables closer together causmg a decrease in
the interlayer cations to sink deeper into the l/2csinf3 (Guidotti et aI., 1992). Because the
tetrahedral rings causing a decrease in the Na' values of phengite are very low, the
1/2csinf3 parameter (Guidotti et aI., 1992). 1/2csinf3 parameter is almost identical to
However, low values of l/2csinf3 could not that of ideal muscovite.
be observed which may be attributed to a
random displacement of the layers parallel
to the x and y axes compensating the effects 10.3 Muscovite
of the aluminoceladonitic substitution. The
1/2csinf3 parameter is also decisively influ-
enced by the nature of the interlayer cation: The XRD alteration halo study revealed that
an increase in the relative abundance of the muscovite [general formula K2A14(A11Si6
small Na+ ions allows the 2:1 layers to move 02o)(OH)4] is a common product of hydro-
Figure ]0-]: lnterlayer cation composition ofK-rich
white mica from the Waterloo sequence.
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Figure 10-2: Tetrahedral and octahedral cation
composition of K-rich white mica from the Water-
loo sequence. Symhols as in Figure 10-1.
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10 Mineralogy of white mica
thermal alteration at Waterloo. Muscovite is
the only white mica species in alteration
mineral associations located proximal to the
massive sulphides, but also occurs abun,
dantly in weakly to moderately altered sam-
ples from the outer alteration halo.
Muscovite in the hydrotllermally formed
rocks is fine-grained and forms relatively
thin packets of variable thickness. High-
contrast BSE images show that individual
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muscovite grains are commonly inhomoge-
neous (plates XIe and XID). Semi-
quantitative EDX analyses revealed that
these inhomogeneities can be primarily ac-
counted by variations in the occupancy of
the interiayer site.
Representative EMP analyses of muscovite
contained in two representative samples
from the alteration halo of the Waterloo
deposit are given in Table 10-2. The EMP
study revealed that the crystal chemistry of
muscovite varies as function of the altera-
tion intensity. Muscovite in weakly to mod-
erately altered rocks from the outer altera-
tion halo is characterised by relatively high
Na' values ranging from 0.09 to 0.19 when
compared to phengite (Figure 10-1). The Si
content of muscovite from these rocks
ranges from 5.98 to 6.25 apfu. The musco-
vite is also typified by elevated Mg and Fe
contents of 0.08 to 0.22 and 0.23 to 0.37
apfu, respectively (Figure 10-2). This sug-
gests that aluminoceladonite substitution is
substantial in some muscovite grains ana-
lysed.
lated to the extent of the aluminoceladonite
substitution (Figure 10-3). Muscovite con-
tained in weakly to moderately altered sam-
ples has relatively high a cell dimensions of
5.177 to 5.197 A (average 5.188 A) and b
dimensions of 8.995 to 9.048 A (average
9.014 A). In contrast, muscovite in intensely
altered sample has distinctly lower a and b
cell dimensions ranging from 5.173 to 5.198
A (average 5.183 A) and 8.987 to 9.005 A
(average 8.996 A), respectively. Due to the
fact that muscovite from hydrothermally
altered rocks exhibits only a limited range of
Na' values, the l/2csin~ parameters is
similar for muscovite contained in samples
from different positions within the alteration
halo. Muscovite from the outer alteration
halo has l/2csin~ parameters ranging from
9.954 to 9.981 A (average 9.970 A),
whereas this parameter varies from 9.949 to
9.990 A (average 9.972 A) in muscovite
from the inner alteration halo.
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Muscovite in intensely altered samples from
the inner alteration halo is typified by Na'
values ranging from 0.09 to 0.16 indicating
that the Na content is also elevated when
compared to phengite (Figure 10-1). The Si
content of muscovite from these samples
varies from 5.97 to 6.23 apfu. The musco-
vite has a very low content of divalent octa-
hedrally coordinated cations with Mg and Fe
ranging from 0.04 to 0.21 apfu and <0.01 to
0.1 0 apfu, respectively. The EMP data sug-
gest that muscovite in intensely altered
rocks from the inner alteration halo typically
exhibits a lower aluminoceladonite substitu-
tion than muscovite contained in weakly to
moderately altered rocks from the outer al-
teration halo (Figure 10-2).
The unit cell parameters of muscovite in
samples of different alteration intensities
also show systematic variations that are re-
Figure 10-3: Variation of lattice parameters in K-
rich white micas from the Waterloo sequence.
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Table 10-2: Representative electron microprobe analyses and calculated structural fonnulae of
muscovite contained in the intensely altered sample WT22-277 from the inner alteration halo
and moderately altered sample WT22-329 from the outer alteration halo.
WT22-277 WT22-329
2 3 4 5 6 I 2 3 4 5 6
Si02 46.28 47.20 46.76 46.82 46.95 46.18 46.18 46.27 45.50 45.39 46.51 46.28
Ti02 0.05 NO NO NO NO 0.05 0.26 0.15 0.24 0.14 0.19 0.07
Ah03 37.48 38.03 37.64 37.97 37.96 37.30 34.60 35.37 34.92 35.80 34.07 35.15
Cr203 0.06 0.05 NO NO NO NO NO 0.07 NO NO NO NO
F,O 0.20 0.34 0.39 0.45 0.34 0.89 2.26 2.32 2.75 2.16 2.43 2.08
V 20 J 0.06 NO 0.15 0.07 0.09 0.05 NO 0.07 NO NO NO NO
MnO NO NO 0.09 NO NO NO NO NO NO NO NO NO
MgO 0.21 0.32 0.31 0.28 0.27 0.27 0.61 0.60 0.55 0.41 0.52 0.57
C,O 0.05 0.09 0.09 0.05 0.07 NO NO NO NO NO NO NO
B,O 0.17 0.09 0.13 0.12 0.22 0.13 0.34 0.36 0.23 0.50 0.59 0.29
Nu20 0.96 0.97 1.00 L03 1.04 1.19 0.68 0.72 0.76 0.91 0.88 0.88
K,O 9.58 9.28 9.41 9.45 9.28 9.31 10.00 10.00 10.02 9.92 9.98 9.89
F 0.09 0.17 0.12 0.13 0.17 0.19 0.22 0.16 0.14 0.07 0.23 0.21
Cl NO NO NO NO 0.06 NO NO NO NO NO NO NO
H,O 4.50 4.54 4.53 4.54 4.51 4.45 4.36 4.44 4.39 4.44 4.36 4.39
OEF -0.04 -0.07 -0.05 -0.05 -0.07 -0.08 -0.09 -0.07 -0.06 -0.03 -0.10 -0.09
O=CI NO NO NO NO 0.01 NO NO NO NO NO NO NO
L 99.65 101.01 100.57 100.86 100.88 99.93 99.42 100.46 99.44 99.71 99.66 99.72
s; 6.11 6.13 6.12 6.10 6.12 6.09 6.20 6.15 6.13 6.09 6.25 6.18
Al lv 1.89 1.87 1.89 1.90 1.88 1.91 1.80 1.85 1.88 1.92 1.75 1.82
AtV1 3.94 3.95 3.92 3.94 3.94 3.89 3.67 3.69 3.67 3.74 3.64 3.72
T; 0.01 NO NO NO NO 0.01 0.03 0.02 0.02 0.01 0.02 0.01
C, 0.01 0.01 NO NO NO NO NO 0.01 NO NO NO NO
Fe2+ 0.02 0.04 0.04 0.05 0.04 0.10 0.25 0.26 0.3\ 0.24 0.27 0.23
V 0.01 NO 0.02 0.01 0.01 0.01 NO 0.01 NO NO NO NO
Mn2' NO NO 0.01 NO NO NO NO NO NO NO NO NO
MS 0.04 0.06 0.06 0.05 0.05 0.05 0.12 0.12 0.11 0.08 0.10 0.11
Ca 0.01 0.01 0.01 0.01 0.01 NO NO NO NO NO NO NO
Ba 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.03 0.03 0.02
Na 0.25 0.24 0.25 0.26 0.26 0.30 0.18 0.19 0.20 0.24 0.23 0.23
K 1.61 1.54 1.57 1.57 1.54 1.57 1.71 1.70 1.72 1.70 1.71 1.69
F 0.04 0.07 0.05 0.05 0.07 0.08 0.09 0.07 0.06 0.03 0.10 0.09
Cl NO NO NO NO 0.01 NO NO NO NO NO NO NO
OH 3.96 3.93 3.95 3.95 3.92 3.92 3.91 3.93 3.94 3.97 3.90 3.91
N' 0.13 0.13 0.14 0.14 0.14 0.16 0.09 0.10 0.10 0.12 0.12 0.12
K' 0.86 0.86 0.86 0.85 0.85 0.84 0.91 0.90 0.90 0.88 0.88 0.88
Notes: Mica fonnulae were calculated on the basis of 22 oxygen equivalents. All iron is given
as ferrous iron. H20 and OH are calculated from stoichiometry. Na· is defined as
Na/(Na+K+Ca) and K' is K/(Na+K+Ca). ND =not detected.
10.4 Intermediate Na/K mica teration product of earlier formed K-rich
white mica. In many cases, coarse mica
grains contain irregularly formed K-rich
Samples from the outer footwall and hang- centres that are enveloped by a rim of inter-
ing wall alteration halo commonly contain mediate Na/K mica (Plates KIE and KIF).
white mica with compositions intermediate Zones of different compositions only rarely
between paragonite and muscovite [general have sharp and well defined contacts and are
formula (Na,K)zAI4(Ah Si60 20) (OH)4] in more commonly separated by broad zones
addition to other white mica species. of intermediate compositions.
High-contrast BSE imaging revealed that Chemical analyses and calculated structural
intermediate NaIK mica represents an al- formulae of white mica contained in two
IQ Mineralogy ofwhite mica
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Figure 10-4: Composition of white mica with variable interlayer cation occupancy occurring in the outer altera-
tion halo.
representative samples collected from the
outer hanging wall alteration halo are given
in Table 10-3. The EMP analyses demon-
strate that the white mica exhibit substantial
variations in the interlayer cation composi-
tion. The Na' values vary from 0.14 to 0.86
suggesting that the samples contain multiple
micaceous phases. Some analyses yielded
elevated Ca contents (Figure 10-4). EMP
analyses show that the Si contents are vari-
able ranging from 5.61 to 6.44 apfu. How-
ever, these Si contents are typically lower
than in phengite contained in the least al-
tered volcanic rocks (Figure 10-5). The Mg
and Fe contents of the white micas with
variable interlayer composition are rela-
tively low (Mg ranges from 0.01 to 0.21
apfu and Fe varies from 0.03 to 0.23 apfu).
The Si content broadly decreases with in-
creasing Na' indicating that K-rich mica are
typified by a higher aluminoceladonite sub-
stitution than Na-rich micaceous phases.
The Si content is distinctly low (Si<6.0
apfu) in micas showing elevated Ca con-
centrations (Table 10-3).
Although EMP analyses suggest that the
samples contain white micas with composi-
tions intermediate between paragonite and
muscovite, the existence of intermediate
Na/K micas cannot be demonstrated conclu-
sively by this method because paragonite
and muscovite may be intergrown at scales
below the limit of resolution of the EMP.
However, the XRD patterns of the samples
display prominent splitting of the basal re-
flections of the white mica, supporting the
assumption that multiple micaceous phases
including micas with compositions interme-
diate between paragonite and muscovite are
present. Because of substantial peak over-
lap, the unit cell parameters of the different
white mica species could not be reliably
determined by the Rietveld method using
XRD data. Nevertheless, the 1/2csin~ pa-
rameters of the white mica were constrained
using the positions of the mica basal reflec-
tions in XRD patterns collected on strongly
textured samples.
A typical example ofaXRD pattern of a
sample containing white mica with variable
interlayer compositions is shown in Figure
10-6. Sample WT9A-254 represents an ex-
ample of the phyllic-altered coarse quartz-
feldspar crystal-rich sandstone and breccia
facies (PHh-3 association) occurring in the
outer hanging wall alteration halo. The
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Figure 1O~5: Tetrahedral and octahedral cation
composition of white mica with variable interlayer
cation occupancy occurring in the outer alteration
halo.
However, Livi et al. (1997) have suggested
that mixed-layering of variable relative
amounts of muscovite and paragonite at the
nanometer scale yields XRD patterns that
are similar to that of homogeneous interme-
diate NaIK mica. It was demonstrated
The XRD patterns of samples from outer
alteration halo show that the intermediate
Na/K mica is characterised by an integral
series of basal reflections with d values in-
termediate between paragonite and musco-
vite. This finding is consistent with a ran-
dom distribution of the Na and K cations
suggesting that the intermediate NaIK mica-
ceous phase represents a homogeneous in-
termediate solid solution between muscovite
and paragonite (Jiang and Peacor, 1993; Li
et aI., 1994).
diffraction pattern of the untreated sample
shows two strong 002 peaks corresponding
to a K-rich mica (d= 9.96 A) and a Na-
rich/Ca-rich mica (d= 9.63 A), respectively.
Fitting of the peaks using pseudo-Voigt
models suggested the presence of an addi-
tional micaceous phase with an intermediate
d value of approximately 9.79 A. The 004
basal reflections of the micaceous phases are
split into two discrete and strong peaks cor-
responding to a K-rich mica (d= 4.983 A)
and a Na-rich/Ca-rich micaceous phase (d=
4.816 A). These peaks are joined by a weak
and broad reflection (d= 4.895 A) related to
a mica with an intermediate NaIK ratio. The
presence of K-rich, intermediate NaIK mica,
and Na-rich/Ca-rich mica in the sample is
also evidenced by the occurrence of three
well resolved sixth-order basal reflections
with d values of 3.321,3.261, and 3.206 A,
respectively. Higher order basal reflection of
the different mica species typically overlap
with peaks of other minerals. The basal re-
flections of the mica present in the sample
show minor modifications in response to
ethylene glyco1e treatment primarily in-
volving changes in the peak intensities (Fig-
ure 10-6).
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Figure 10-6: XRD patterns (untreated and ethylene glycole solvated) of the representative hydrothermally al-
tered sample WT9A-254 collected from the outer hanging wall alteration halo. The sample contains a high
amount ofintennediate Na/K mica. See text for interpretation of the diffraction patterns.
by these authors that the shift of the basal
reflections for mixed-layered (M/L) parago-
nite/muscovite follows a linear trend be-
tween the endmembers and that a homoge-
neous intermediate solid solution of musco-
vite and paragonite shifts the basal reflec-
tions in exactly the same manner assuming a
linear dependence of unit cell parameter on
composition. Therefore, Livi et al. (1997)
pointed out that homogeneous intermediate
NaIK mica and mixed-layering of muscovite
and paragonite at a small scale cannot be
reliably distinguished by XRD.
As a part of the present research work, the
influence of mixed-layering of variable
relative amounts of muscovite and parago-
nite on XRD patterns was simulated using
the program NEWMOD (Reynolds, 1985;
Walker, 1993). These simulations confirmed
the observation of Livi et al. (1997) that the
basal reflections of M/L parago-
nite/muscovite have d values intermediate
between paragonite and muscovite. How-
ever, an integral series of basal reflections
was not obtained for irregular M/L parago-
nite/muscovite with variable relative
amounts of paragonite and muscovite. It is,
therefore, proposed that homogeneous in-
termediate NaIK mica can be unambigu-
ously distinguished from MIL paragonite/
muscovite by XRD. It is also important to
note that the occurrence of mixed-layering
of muscovite and paragonite in sample
WT9A-254 can be ruled because of a high-
resolution transmission electron microscopy
(HRTEM) study carried out on this sample.
A detailed description of the results of the
HRTEM investigations is given elsewhere
(Giorgetti et aI., 2002).
Although homogeneous intermediate NaIK
mica occurs abundantly in the outer altera-
tion halo, XRD patterns of several
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Figure 10-7: XRD patterns (untreated and ethylene glycole solvated) of the representative hydrothennally al-
tered sample WT24-488 collected from the outer hanging wall alteration halo. The sample contains a high
amount ofintennediate NalK mica. See text for interpretation ofthe diffraction patterns.
hydrothermally altered samples display low-
20 reflections that are not consistent with
disordering of interlayer cations in interme-
diate Na/K mica. The d values of the low-
20 superlattice reflection are variable in the
different samples and range from 19.6 to
21.5 A.
A XRD pattern of a representative sample
displaying a low-20 reflection at -20.2 Ais
given in Figure 10-7. The sample WT24-
488 originates from the phyllic-altered
dacite DI (PHh-1 association) occurring in
the outer hanging wall alteration halo. The
XRD pattern of this sample exhibits consid-
erable overlap of the basal reflections. Fit-
ting of the 002 basal reflections in the dif-
fraction pattern of the untreated sample re-
vealed the presence of at least three single
peaks corresponding to d values of 9.95,
9.75, and 9.62 A, respectively. The higher
order basal reflections were found to be
better resolved. The 004 reflection of the
micaceous phase with the highest 20 value
con'esponds to a d value of 4.974 A,
whereas the intermediate NaIK mica and
Na-rich mica form overlapping peaks with
maxima at 4.871 and 4.810 A, respectively.
The 006 basal reflections of the three mica
species are at 3.314, 3.253, and 3.208 A.
The eighth-order basal reflections overlap
with peaks of other phases (not shown).
Ethylene glycole treatment yielded substan-
tial changes of the shape of the low-20 re-
flection and resulted in a shift to -20.7 A.
Apparent shifts to higher 20 values as well
as changes in the peak intensities were also
noted for the basal reflections of micas
having elevated Na/(Na+K) ratios (Figure
10-7).
The low-20 reflections observed in sample
WT24-488 is indicative for the presence of a
micaceous phase that is characterised by a
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Table 10M 3: Representative electron microprobe analyses and calculated structural fonnulae of
white mica of variable compositions contained in samples WT9A-254 and WT24-488 collected
from the outer hanging wall alteration halo.
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WT9A-254
2 3 4 5 6
WT24-488
2 3 4 5 6
Si02
Ti02
AbO)
Cr20J
FeO
V20)
MnO
MgO
CaO
BaO
Na20
K,o
F
Cl
H20
OsF
OsCI
,
Si
AIlv
AtV1
Ti
C,
Fe2'
V
Mo!'
Mg
Ca
Ba
Na
K
F
Cl
OH
Ni
K'
47.51
0.05
34049
ND
1.72
ND
ND
l.08
0.07
0.69
1.07
8.37
0.37
ND
4.34
-0.16
ND
99.61
6.30
1.70
3.70
<0,01
ND
0.19
ND
ND
0.21
0.01
0.04
0.28
1.42
0.16
ND
3.84
0.16
0.83
47.24
ND
35.90
ND
1.26
0.22
ND
0.64
0.31
0.59
2.07
7.29
0.25
ND
4.45
-0.11
ND
100.11
6.21
1.79
3.77
ND
ND
0.14
0.02
ND
0.13
0.04
0.03
0.53
1.22
0.10
ND
3.90
0.30
0.68
47,16
0.06
37.07
ND
Ll9
ND
ND
0.40
0.38
0.79
2043
6.30
0.18
ND
4,51
-0.08
ND
100.40
6.15
1.85
3.85
0.01
ND
0.13
ND
ND
0.08
0.05
0.04
0,61
1.05
0.07
ND
3.93
0.36
0.61
44.43
0.07
39.08
ND
0.97
ND
ND
0.39
1.27
0,67
3.92
3.72
0.17
ND
4.48
-0.07
ND
99.10
5.84
2.16
3.90
0.01
ND
0.11
ND
ND
0.08
0.18
0.03
1.00
0.62
0.07
ND
3.93
0.56
0.34
44.67
ND
39.73
ND
0.72
ND
ND
0.22
1.57
0.50
4.32
2,68
0.15
ND
452
-0.06
ND
99.01
5.84
2.16
3.96
ND
ND
0.08
ND
ND
0,04
0.22
0.03
LlO
0045
0.06
ND
3.94
0.62
0.25
46.40
ND
38.92
ND
0.63
0.11
ND
0.19
1.00
0.41
4.92
2.29
0.12
ND
458
-0.05
ND
99.52
6.00
2.00
3.94
ND
ND
0.07
0.01
ND
0,04
0.14
0.02
1.23
0.38
0.05
ND
3.95
0.70
0.22
46.85
0.11
37.61
ND
0.82
0.06
ND
0.36
0.15
0.17
2.79
6.34
ND
ND
4,60
ND
ND
99.86
6.11
1.89
3.90
0.01
ND
0.09
0.01
ND
0.07
0.02
0.01
0.71
1.06
ND
ND
4.00
0040
0.59
44.80
ND
39.70
ND
0.57
0.13
ND
0.18
0.70
0.16
4.03
4.18
0.07
ND
455
-0.03
ND
99.04
5.86
2.14
3.99
ND
ND
0.06
0.01
ND
0,04
0.10
0.01
1.02
0.70
0.03
ND
3.97
0.56
0.38
43,73
ND
41.24
ND
0.38
0.16
ND
0.10
1.83
0.08
3.84
3.38
0.05
ND
4.58
-0.02
ND
99.35
5.70
2.30
4,03
ND
ND
0.04
0.02
ND
0.02
0.26
<0.01
0.97
0.56
0.02
ND
3.98
054
0.31
46.09
ND
39.34
ND
055
0.24
ND
0.25
156
0.05
4.00
3.21
ND
ND
4.65
ND
ND
99.94
5.95
2.05
3.93
ND
ND
0.06
0.02
ND
0.05
0.22
<0,01
1.00
0.53
ND
ND
4.00
0.57
0.30
45.05
ND
40.01
ND
0.63
ND
ND
0.11
1.73
0.11
4.67
2.21
0.06
ND
4.59
-0.03
ND
99.14
5.85
2,15
3.98
ND
ND
0.07
ND
ND
0.02
0.24
0,01
1.18
0.37
0.02
ND
3.98
0.66
0.21
44.29
ND
40.03
ND
0.49
0.20
ND
0.19
0.17
0.03
5.66
2.21
0.05
ND
4.54
-0.02
ND
97.84
5.82
2.18
4.02
ND
ND
0.05
0.02
ND
0.04
0.02
<0.01
1044
0.37
0.02
ND
3.98
0.79
0.20
Notes: Mica formulae were calculated on the basis of 22 oxygen equivalents. All iron is given
as ferrous iron, H20 and OH are calculated from stoichiometry. Na· is defined as
Na/(Na+K+Ca) and K' is KJ(Na+K+Ca). ND = not detected.
compositionally modulated structure. In an
attempt to evaluate the effects of mixed-
layering of muscovite and paragonite on
XRD patterns, Livi et al. (1997) simulated
several superstructures with different or-
dering schemes with the program NEW-
MOD. Different ordering schemes were
obtained by variation of the relative propor-
tions of paragonite and muscovite and
changes of the Reichweite value R. These
calculations demonstrated that 001 reflec-
tions with 1=2n+ I appear only when the
amounts of muscovite and paragonite were
in the proper proportions to create an or-
dered superstructure (e.g., 50 % paragonite
and 50 % muscovite for R=I; 67 % parago-
nite and 33 % muscovite for R=2; 75 %
paragonite and 25 % muscovite for R=3).
However, it was also shown that 001 super-
structure reflections would be virtually un-
detectable in XRD patterns of these special
ordered cases because of the small but non-
zero structure factor for the 001 reflections
with 1=2n+ 1. From these results it was con-
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cluded that an ordered M1L paragonite/
muscovite is highly unlikely to yield a de-
tectable low-20 reflection.
NEWMOD simulations carried out in the
present study suggest that a detectable low-
20 peak can be observed for a mixed-
layered structure consisting of two layers
with a similar basal spacing, but interlayer
sites with different electron densities. This
interpretation is identical to interlayer cation
ordering within an intermediate Na/K mica
due to the predicted symmetry reduction
from C2/c to C2. From these calculations it
is concluded that the low-20 reflection ob-
served in the XRD pattern of the sample
WT24-488 may be related to an ordered
intermediate Na/K mica. However, this in-
terpretation of the -20 A reflection is com-
plicated by the fact that the 1/2csinp value
must be maintained in the ordered structure
without collapse of the Na-rich layer. It is
envisaged here that the collapse of the Na-
rich layers is prevented by the presence of
pillars presumably consisting of larger ca-
tions such as K+ and/or H30+.
10.5 Paragonite
Paragonite [general formula Na2AL,(AhSi6
02o)(OH)4] is present in the outer alteration
halo. Paragonite is fine-grained and forms
relatively thin packets of variable thickness.
High-contrast BSE imaging revealed that
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paragonite commonly forms an alteration
product replacing intermediate Na/K mica
(Plates XIO and XIH).
Although paragonite may be intergrown
with other white mica species at scales be-
low the resolution of the EMP, microchemi-
cal analyses already demonstrate the exis-
tence of a distinctly Na-rich micaceous
phase (Figure 10-4). XRD patterns of these
samples are typified by the presence of basal
reflections corresponding to d values similar
to ideal paragonite (1/2csinj3 -9.63 A). As
an example, the XRD pattern of the moder-
ately altered dacite sample WT24-488 is
given in Figure 10-6. In addition to interme-
diate Na/K micas, this sample contains
paragonite as suggested by the presence of
basal reflections corresponding to a d value
of 9.62 A. The relative intensity of the basal
reflections indicates that paragonite is the
most abundant micaceous phase in this sam-
ple.
10.6 Margarite
A number of EMP analyses of Na-rich mica
contained in samples from the outer altera-
tion halo show anomalous Ca contents (Fig-
ure 10-4). High Ca concentrations are likely
to be linked to the occurrence of the brittle
mica margarite [general formula
Ca,Al4(AI4Si402o)(OH)4] either as solid so-
lution in the Na-rich micaceous phases or as
Plate XI: A. Phengite in mudstone from the hanging wall (WT2-338). Phengite grains (Phn) are intergrown with
chlorite (Ch/) and quartz (Qtz). B. Phengite in mudstone from the hanging wall (WT2-338). Adjacent phengite
grains (Phn) show different brightness due to variations in the composition of the octahedral and tetrahedral
sites. C. Muscovite in silicic-altered rock from the inner alteration halo (WT2-421). The muscovite (Ms) is inter~
grown with quartz (Qtz). D. Muscovite in silicic-altered rock ITom the inner alteration halo (WT2-421 ). Compo-
sitional inhomogeneities in muscovite (Ms) are caused by variations in the occupancy of the interlayer site. The
muscovite is intergrown with quartz (Qtz) and Pyrite (Py). E. Intennediate Na/K mica (lm) replaces muscovite
(Ms) in hydrothermally altered sandstone from the outer alteration halo (WT9A-254). F. Intermediate Na/K mica
(/m) replaces muscovite (Ms) in hydrothermally altered sandstone from the outer alteration halo (WT9A-254).
G. Paragonite (Pg) replaces intemlediate Na/K mica (lm) in hydrothermally altered dacite from the outer altera-
tion halo (WT24-488). H. Paragonite (Pg) replaces intermediate Na/K mica (Im) in hydrothermally altered dacite
ITom the outer alteration halo (WT24-488). Scale bars are I0 ~m. BSE images.
»:r
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a discrete phase intergrown with Na-rich
white mica at scales below the resolution of
theEMP.
Unequivocal identification of margarite as
solid solution in Na-rich mica or as a dis-
crete phase in samples containing Na-rich
mica including paragonite by XRD is com-
plicated by the fact that the basal reflections
of margarite (l/2csinj3 -9.56 A) is relatively
similar to that of paragonite (1/2csinj3 -9.63
A). However, HRTEM investigations
showed that Na-rich margarite occurs as a
discrete phase in some samples forming up
to 80 nm thick mica stacks (Giorgetti et aI.,
2002).
10.7 Mica polytypism
As shown above, the white mica contained
in the Waterloo sequence exhibit a consider-
able compositional range and related sys-
tematic variations in the unit cell parame-
ters. However, an additional structural com-
plication may arise from the fact that the
white mica may potentially belong to differ-
ent polytypes (Mauguin, 1928; Hendricks
and Jefferson, 1939; Smith and Yoder,
1956). Correct mica polytype identification
is, therefore, imp0l1ant to the understanding
of the genesis of the different mica species
(and is also a prerequisite for a correct
quantitative phase analysis by the Rietveld
method).
Mica polytype identification was performed
on the XRD patterns collected on the ran-
domly oriented powder mounds using the
positions of diagnostic peaks. The XRD
patterns of the white micas were all typified
by intense 114 and 114 peaks indicating
that the 2M1 polytype is dominant. The
polytype identification was indirectly veri-
fied by the Rietveld refinement of the XRD
patterns. It was found that starting models
assuming 2MI mica polytypes provided the
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best fit between the measured and the cal-
culated XRD patterns. Moreover, electron
diffraction experiments revealed that all
white mica grains investigated belong to a
two-layer polytype (Giorgetti et aI., 2002).
10.8 Mechanisms of white mica formation
The mineralogical investigations demon-
strate that the crystal chemical properties of
the white mica contained in least altered
volcanic rocks affected by regional altera-
tion differ substantially from white mica
contained in samples collected from the hy-
drothermal alteration halo. This observation
suggests that the white mica formed by dif-
ferent mechanisms and probably originated
from different precursor materials.
Phengite in the least altered volcanic rocks
of the Waterloo sequence is interpreted to be
derived from the recrystallisation of vol-
canic glass through dioctahedral smectite,
mixed-layer illite/smectite, and illite (see
Chapter 6). Although direct evidence for
this mineral transformation series is not
available at Waterloo because phases re-
cording incomplete reactions were not pre-
served, the Mg and Fe-rich nature of phen-
gite can be readily explained by chemical
inheritance from the volcanic glass. Rock
bulk chemistry, therefore, represents an im-
portant control on the mica chemistry in
least altered volcanic rocks.
In contrast to the least altered volcanic rocks
of the Waterloo sequence, textural evidence
suggests that white micas contained in the
hydrothermal alteration halo primarily
formed as alteration products of wall rock
silicates such as feldspars (see Chapter 8).
Nevertheless, a considerable proportion of
white mica in the hydrothermally altered
wall rocks may also have formed from vol-
canic glass. However, the chemical compo-
sition of these micas is likely to have been
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strongly influenced by interaction with the
hydrothermal fluids resulting in composi-
tional readjustments. In this context it is
important to note that muscovite contained
in weakly to moderately altered wall rocks
from the outer alteration halo has composi-
tions intermediate between muscovite of
intensely altered rocks from the inner al-
teration halo and phengite occurring in least
altered volcanic rocks not affected by hy-
drothermal alteration.
The XRD alteration halo study revealed that
muscovite represents the only thermody-
namically stable white mica species in zones
of intense hydrothermal alteration located in
the inner alteration halo. Hydrolysis of pri-
mary feldspars was undoubtedly the domi-
nant chemical reaction resulting in the for-
mation of muscovite (and quartz). However,
potassium metasomatism was an additional
process involved in the formation of musco-
vite suggesting that potassium was the
dominant alkali ion in the mineralising hy-
drothermal fluids.
In contrast to the inner alteration halo, white
mica with variable interlayer compositions
occur in the outer alteration halo. Textural
evidence suggests that K-rich mica are
commonly replaced by Na-rich mica sug-
gesting that these different white mica spe-
cies are not paragenetic. The alteration ofK-
rich mica to Na-rich mica is envisaged to
have taken place by a dissolution and re-
crystallisation process (Giorgetti et aI.,
2002). The homogeneous intermediate NaIK
micas identified in rock samples from the
outer alteration halo are interpreted to record
the incomplete transformation of K-rich to
Na-rich white mica. The presence of me-
tastable homogeneous intermediate NaIK
mica in the alteration outer halo is a clear
indication that equilibrium between the pre-
cursor K-rich mica and the Na-rich altera-
tion product was not attained during altera-
tion (Jiang and Peacor, 1993; Li et aI.,
1994). The occurrence of the homogeneous
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intermediate NaIK micas is unusual because
the Waterloo sequence was overprinted by a
lower greenschist metamorphic event and
the compositions of these mica fall into the
well established miscibility gap separating
paragonite and muscovite at the corre-
sponding peak metamorphic conditions (Zen
and Albee, 1964; Eugster et aI., 1972; Hock,
1974; Chatterjee and Flux, 1986; Essene,
1989; Roux and Hovis, 1996). Based on this
mineral stability constraint, it is concluded
that the homogeneous intermediate NaIK
micas were preserved as metastable phases,
presumably because the maximum tem-
peratures reached during peak metamor-
phism were not significantly higher than
those reached during the hydrothermal al-
teration.
10.9 Summary
Combined electron microprobe and X-ray
diffraction experiments revealed that white
mica occurring in different stratigraphic
positions of the Waterloo sequence exhibit
considerable compositional and related
structural variations. These systematic
variations can be directly linked to differ-
ences in the processes of mica formation
and alteration in least altered volcanic rocks
and hydrothermally altered rocks of differ-
ent alteration intensities.
Least altered volcanic rocks of the Waterloo
sequence contain phengite as the only white
mica species. Phengite was found to be typi-
fied by elevated Si contents and shows a
high content of divalent octahedrally coor-
dinated cations such as Mg and Fe. The Na
content of phengite was found to be very
low. Phengite is interpreted to have fOlmed
as a result of the recrystallisation of volcanic
glass originally contained in the volcanic
rocks. The composition of phengite, there-
fore, broadly reflects the bulk chemical
composition of the volcanic rocks.
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In contrast to the least altered volcanic
rocks, different white mica species occur in
the hydrothermal alteration halo. Muscovite
was found to be the only white mica species
occurring in zones of intense hydrothermal
alteration located proximal to the massive
sulphides. Muscovite contained in the inner
alteration halo is typified by a low alumino-
celadonite substitution and slightly elevated
Na contents when compared to phengite in
the least altered volcanic rocks. Muscovite
is interpreted to have primarily formed as a
result of the hydrothermal decomposition of
primary anhydrous wall rock silicates in-
cluding feldspars. Hydrolysis and potassium
metasomatism were identified as the princi-
pal chemical processes involved in the for-
mation of hydrothermal muscovite.
Muscovite contained in volcanic rocks in the
outer alteration halo is typified by a slightly
elevated aluminoceladonite component and
has a Na content similar to muscovite from
the inner alteration halo. Additional white
mica species identified in the outer altera-
tion halo are homogeneous intermediate
NaIK mica, ordered intermediate NaIK
mica, paragonite, and margarite. Na-rich
micaceous phases were observed to have
been typically formed at the expense of
more K-rich micas.
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11 DISCUSSION: GENETIC RELATIONSHIP BETWEEN
VOLCANISM AND HYDROTHERMAL ACTIVITIES
11.1 Syn-volcanic origin of massive sul-
phides
The timing of sulphide precipitation is criti-
cal to the genetic understanding of the mas-
sive sulphide formation at Waterloo. In par-
ticular, a syn-volcanic origin of the massive
sulphides has to be demonstrated conclu-
sively because comparison of the genetic
aspects of the Waterloo deposit to modern
seafloor hydrothermal systems is only pos-
sible if an epigenetic origin is ruled out.
Constraints on the timing of mineralisation
can be derived from (I) the study of the
structural geology of the Waterloo sequence
and (2) the spatial distribution of hy-
drothermal alteration facies.
The study of the structural geology has
shown that the major and first post-
depositional deformation affecting the entire
Waterloo sequence is a penetrative slate belt
type folding event (regional D, event). Al-
though the style and intensity of the fabric
development was controlled by rock type
(Chapter 4), the sulphide lenses and the hy-
drothermally altered rocks show the same
D, -related fabric as the unaltered wall
rocks. The most prominent manifestation of
the D, event in the hydrothermal alteration
halo is the subvertical axial plane cleavage
S, that overprints all alteration facies rec-
ognised. S, was shown to contain a steeply
plunging mineral lineation L', resulting
from subvertical extension. L', is commonly
defined by fibrous strain fringes of quartz
and phyllosilicates on pyrite grains. The
development of fibrous strain fringes on
rigid pyrite grains suggests that pyrite was
present in the alteration zones prior to de-
velopment of S,. Moreover, altered lithic
fragments in the hanging wall alteration halo
define a prominent elongation lineation that
is parallel to the mineral lineation L',
(Chapter 4).
These observations provide unequivocal
evidence that hydrothermal alteration pre-
dates the earliest known deformation. Based
on the regional context, the D, folding
event is interpreted to be Mid to Late Ordo-
vician or younger in age. Structures related
to faulting post-dating D, are unmineralised
and not related to the hydrothermal altera-
tion halo enveloping the massive sulphides.
Thus, a hydrothernml overprint post-dating
the D, event can be ruled out from the field
evidence.
The timing of massive sulphide formation is
also constrained by the spatial distribution
of alteration facies. The alteration halo en-
veloping the massive sulphides shows a
strong asymmetry. The most intense zones
of hydrothermal alteration are present in the
stratigraphic footwall of the ores. The foot-
wall alteration halo shows a distinct zona-
tion in the alteration mineral associations
ranging from intense hydrothermal altera-
tion in the immediate footwall to the mas-
sive sulphides, represented by the silicic
alteration, to weak and incipient hydrother-
mal alteration represented by propylitic
mineral associations in the outer alteration
halo (Chapter 8). Alteration in the volcanic
facies overlying the ore horizon is limited in
extent and also rapidly fades in intensity
with increasing distance to the sulphides.
Zonation of the hanging wall alteration is
defined by phyllic and propylitic alteration
facies (Chapter 8). The observed asymmetry
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of the alteration halo indicates that alteration
and mineralisation were syn-volcanic and
largely occurred prior to deposition of the
hanging wall volcanic fades.
The field evidence strongly suggests that the
massive sulphides at Waterloo formed con-
temporaneously with the volcanic host
rocks. Thus, the volcanological, mineralogi-
cal, and geochemical findings of the present
study can be directly compared to the char-
acteristics of other VHMS deposits as well
as to hydrothermal vent sites precipitating
sulphides at the modern seafloor.
11.2 Volcanological setting of the massive
sUlphides
The reconstruction of the volcanological
setting ofthe Waterloo deposits includes (I)
the plate tectonic setting, (2) the relationship
to the tectonic evolution and regional stra-
tigraphy, (3) the depositional environment,
(4) the temporal and spatial association to
silicic cryptodome volcanism, and (5) the
volcanological control on the ore types and
alteration styles. These aspects of the vol-
canological setting of the deposit are dis-
cussed in turn.
11.2.1 Plate tectonic setting
The tectouic setting of the volcanism in the
Waterloo area can be constrained by the
petrochemical signatures of least altered
basalt and andesite. A comparison of the
incompatible element signatures of these
rock types with the composition of modem
mid-ocean ridge basalt is given in Figure
11-1. The signatures of the basalts and ande-
sites from the Waterloo sequence are partly
controlled by variable enrichment and de-
pletion of Rb, Ba, K, and Sr. The concentra-
tions of these elements are regarded to be
unreliable because of element mobility dur-
ing regional alteration (Chapter 7). How-
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ever, the other elements define consistent
trends. The relative enrichment of the large-
ion lithophile elements and the relative de-
pletion of high-field strength elements in the
mid-ocean ridge basalt normalised multi-
element plots are similar for all samples
investigated although the low-Ti and high-
Ti andesites show differences in the absolute
concentrations of the incompatible elements.
The observed normalised patterns of the
basalt and andesite samples from the Wa-
terloo sequence are similar to modem sub-
duction-related volcanics such as island-arc,
continental margin-arc, and back-arc basin
basalts fOlming during the early stage of
back-arc basin evolution. In particular, the
negative Nb anomalies observed in all nor-
malised multielement plots are a distinctive
feature for volcanic rocks that formed either
at an arc front or during the early stages of
back-arc basin development (Stem et aI.,
1990).
The continuous geochemical variation
trends observed for major and trace ele-
ments suggest that the basalt-andesite-dacite
volcanic rocks of the Waterloo sequence
represent a cogenetic suite that is possibly
related by fractionation (Chapter 7). Al-
though exact reconstruction of the fraction-
ating mineral assemblage is hampered by
regional alteration, pyroxene and plagio-
clase fractionation is likely to have played a
major role controlling the composition of
the rocks. Moreover, the marked inflections
in the Harker variation diagrams of TiO,
and P,Os indicate that fractionation of a Ti
accessory phase and apatite was also im-
portant (Chapter 7). In addition to fractiona-
tion, progressive crustal interaction with
increasing SiO, is interpreted to have played
a key role controlling the composition of the
more silicic magmas as suggested by a Nd
isotope study carried out by Stolz (1995).
Henderson (1986) and Stolz (1995) pro-
posed that the Seventy Mile Range Group
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represents the fill of a Cambro-Ordovician
back-arc basin developed on thinned Pre-
cambrian continental lithosphere flanking a
continental margin volcanic arc (Chapter 2).
Initial subsidence of the attenuated conti-
nental lithosphere in response to the sub-
duction of oceanic lithosphere was inter-
preted by Stolz (1995) to have been accom-
panied by the rapid deposition of sediments
(Puddler Creek FOffilation) primarily sour-
ced from the adjacent Precambrian craton.
The first andesitic volcanism in the basin
was probably generated by the continued
lithospheric thinning and increasing heat
flow resulting from upwelling mantle. At
the same time, the increased heat flow
caused substantial crustal melting resulting
in the voluminous rhyolitic volcanism of the
Mount Windsor Formation with minor
dacite and andesite volcanism. The rhyolitic
volcanic rocks formed lavas and intrusions
of considerable sizes (100 to 500 m thick).
The Mount Windsor rhyolite lavas erupted
rapidly adjacent to the vents (Doyle, 1997).
This phase of silicic volcanism was fol-
lowed by deposition of the Trooper Creek
Formation that represents volcanism pro-
duced by melting of mantle sources. The
Trooper Creek Formation consists of com-
positionally and texturally diverse volcani-
clastic lithofacies that are intercalated with
coherent volcanic units and non-volcanic
sedimentary facies (Doyle, 1997). Volcanic
activities in the back-arc basin decreased
100 F !
...- OffshoTC Taupo Volcani~ Zone
~ Offshore T.1.upo Volcanic Zone
.---...... ..s::;- Okinawa Trough
··· :. :k;:"~"Tro"Sh
···.CII\ .. "'-.. h ····..2'B...
......~....~.\
Rb Ba Th K Nblll Cc SrNd P Srn Zrli Y Vb
Modern back-arc b~in ba~3115[-":::.::~~~~~.~:-,~~-;:-,:;;:~:-;~~~.~,0.1 I !
to
I, ,
Figure 11-1: Mid-ocean ridge basalt (N-MORB)
nonnalised multielement plots comparing basalts
and andesites representative for the Waterloo se-
quence with typical enriched mid-ocean ridge ba-
salts (E-MORB) and ocean island basalts (OIB)
compositions. The nonnalised patterns of coherent
volcanic rocks from Waterloo resemble those of
modern back-arc basin basalts from the offshore
Taupo Volcanic Zone and the Okinawa Trough
(lshizuka et aI., 1990; Gamble and Wright, i995;
Shinjol 1998). Reference values from Sun and
McDonough (1989).
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substantially during the Early Ordovician.
The sedimenls of the youngest Rollston
Range rocks represent reworked Trooper
Creek Formation material although a possi-
ble contribution of a still active arc to the
east cannot be excluded. The inferred
lithospheric extension did not proceed to the
stage of developing new oceanic crust as
evidenced by the lack of mid-ocean ridge
basalts in the Seventy Mile Range Group
(Berry et aI., 1992; Stolz, 1995).
The offshore Taupo Volcanic Zone ofNorth
Island, New Zealand and the Okinawa mar-
ginal basin behind the Ryukyu Trench ex-
tending from northern Taiwan to Kyushu
Island in southern Japan are modern conti-
nental back-arc basins that are considered to
represent close modem analogues to the
Seventy Mile Range Group. Figure 11-1
shows that the N-MORB normalised pat-
terns of basalt and andesite samples from
the Waterloo sequence are indeed strikingly
similar to that of samples from the Taupo
Volcanic Zone and the Okinawa Trough
(Ishizuka et aI., 1990; Honma et aI., 1991;
Chen et aI., 1995; Gamble and Wright,
1995; Graham et aI., 1995; Shinjo, 1998).
Active oceanic back-arc spreading occurs in
the Havre Trough north of New Zealand due
to subduction of the Pacific plate beneath
the Australian plate along the Kermadec arc-
trench system. Subduction beneath North
Island along the Hikurangi margin extends
the axis of back-arc extension into conti-
nental New Zealand. Back-arc extension
onshore occurs in the wedge-shaped Central
Volcanic Region, and its currently «1.6
Ma) volcanically and tectonically active
eastern portion, the Taupo Volcanic Zone
(TVZ). The continental segment of back-arc
rifting extends for about 370 km from Wha-
katane Seamount in the north to Ohakune at
the southern end of the TVZ (Figure 11-2).
The axis of the oceanic segment and the
continental segment are not continuos due to
a left lateral offset of approximately 45 km
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(Cole, 1984; Wright, 1992, 1993; Gamble et
aI., 1993; Gamble and Wright, 1995; Wilson
et aI., 1995).
The TVZ is approximately 20 to 60 km
wide. It is a fault-bounded depression in an
up-domed structure of metamorphosed
greywacke, siltstone, and conglomerate of
Mesozoic age. The crustal thickness heneath
the TVC is estimated to be at least 15 km.
The TVZ presently rifts at rates between 7
and 18 nunla and has an average subsidence
of approximately I to 2 mm/a (Cole et aI.,
1995; Wilson et aI., 1995).
Silicic volcanism in the TVC is voluminous
and represents the main eruptive product in
the TVC. Rhyolitic volcanism is particularly
abundant in the central segment of the TVZ
and is associated with at least eight main
caldera volcanoes. The rhyolitic eruptions of
these caldera volcanoes have generated ig-
nimbrites, fall deposits, and domes (Cole,
1984; Cole et aI., 1995; Wilson et aI., 1995).
Basaltic andesite, andesite, and dacite are
less abundant and typically occur in the
northeastern and southwestern portions of
the TVC. This type of volcanism is mani-
fested as tuff rings, scoria cones, fall depos-
its, lavas, domes, sills, and pyroclastic de-
posits (Browne et aI., 1992; Cole et aI.,
1995; Wilson et aI., 1995). Minor eruptions
of high-AI basalts were reported from sev-
eral locations in the central segment of the
TVZ. These basalts form scoria cones,
phreatomagmatic tuff rings or occurred as
fissure eruptions (Cole, 1984; Cole et aI.,
1995).
The offshore extension of the TVZ is envis-
aged to represent a close analogue to the
Seventy Mile Range Group (Doyle, 1997).
The water depth in the offshore extension of
the TVZ ranges from a few metres to over
3,000 m (Lewis and Pantin, 1984; Wright,
1992). On the shelf and the upper continen-
tal slope, the offshore TVZ is recognisable
as a graben, studded with volcanic knolls
11 Discussion
~
,,'
.... Faull
38"5
176"E
Figure 11-2: Bathymetry aud structure of the Havre Trough - offshore Taupo Vol-
canic Zone as well as location of the submarine vent site in the Whakatane graben
(Wright, 1992).
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(Lewis and Pantin, 1984). The offshore TVZ
is bounded by the Tauranga Fault Zone to
the west and the White Island Fault Zone to
the east (Wright, 1992; Cole et aI., 1995). At
the lower continental slope, the TVZ com-
prises the White Island and Tauranga
Troughs as well as the intervening volcanic
high of the Ngatoro and Wairaka Ridges
(Gamble et aL, 1993; Wright, 1993). Sedi-
mentation in the offshore TVC includes de-
tritus from the New Zealand landmass to the
southeast as well as volcanic components
derived from isolated andesitic massifs and
submerged volcanically active ridges (Lewis
and Pantin, 1984; Wright, 1993). Terri-
genious sedimentation is considered to be
relatively continuous, whereas volcanic
sedimentation is episodic and mainly de-
rived from onshore rhyolitic eruptions. Vol-
canic debris is delivered to the basin via
rivers or direct fallout (Lewis and Pantin,
1984). Volcanism in the offshore TVZ ex-
tends from the submarine Whakatane arc
volcano in the north along the Ngatoro
Ridge to the active subaerial andesitic White
Island volcano in the south (Gamble et aL,
1993). These volcanic centres represent im-
portant syn- and post-eruptive sources of
volcanic detritus to offshore TVZ (Lewis
and Pantin, 1984). The Whakatane volcano
is the north is cun'ently inactive and com-
prises basaltic and andesitic lava flows and
talus deposits (Gamble et aI., 1993). The
seamount represents a 14 km diameter mas-
sif with a height of approximately 1,000 m.
The fault-bounded Ngatoro Ridge is typified
by a series of isolated knolls that cap the
main ridge. These knolls have sizes of I to 5
km and a relief from 150 to 700 m. The
knolls comprise sheet flows, pillows, brec-
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cia deposits, and talus fans (Lewis and Pan-
tin, 1984; Wright, 1992; Gamble et aI.,
1993). Rocks recovered from the Ngatoro
Ridge are dominantly basalts and basaltic
andesites although andesite and dacite also
occur. Significant areas of the Ngatoro
Ridge are blanketed by rhyolitic pumice
clasts of unknown source (Gamble et aI.,
1993). The active White Island volcano in
the southern part of the offshore TVZ
reaches a height of 760 m above the sur-
rounding seafloor with -320 m being
subaerial. Detritus derived from eruptions of
this andesitic volcano is largely restricted to
an area of <15 km from the volcano al-
though volcaniclastic debris occurs in sedi-
ments up to 60 km from the source (Kohn
and Glasby, 1978).
The TVC is known for its geothermal sys-
tems (Hedenquist, 1986, 1990; Simmons
and Browne, 2000). Offshore hydrothermal
activities have been discovered in the Wha-
katane graben between Whale Island and
White Island. Venting of hot (T= 181 to 200
cC) gas-rich springs has been reported from
a water depth of 170 to 200 m. These vents
are typified by the precipitation of native
mercury as well as arsenic, antimony, and
mercury sulphides suggesting that this oc-
currence represents a modern submarine
analogue to epithermal deposits (Stoffers et
aI., 1999).
A second well-characterised modern ana-
logue for the tectonic setting of the Seventy
Mile Range Group is the Okinawa Trough
(OT). This marginal basin represents a
curved 1,300 km long nascent back-arc de-
veloping within continental lithosphere be-
hind the Ryukyu arc due to subduction of
the Philippine Sea Plate under the Eurasian
Plate (Figure 11-3). The width of the OT
increases from 60 - 100 km in the south to
230 km in the north. The thickness of the
continental crust underlying the OT in-
creases from 18 km in the south to 30 km in
the north. The water depth of the OT ranges
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from 2,300 m in the south to 200 m in the
northern part (Sibuet et aI., 1987, 1995,
1998).
The basin is considered to be still in an early
rifting stage of back-arc basin development
prior to true spreading (Sibuet et aI., 1998).
Extension in the OT can be divided into
three main phases. The first rifting phase in
the area dates back to the Middle to Late
Miocene. This early rifting phase yielded an
extension of 60 km in the northern OT and
50 km in the southwestern OT. The second
phase of rifting started at the Plio-
Pleistocence boundary and is estimated to
have caused an extension of 25 km in the
northern OT. A third phase of extension
occurs since the Late Pleistocene and is rep-
resented by normal faulting. The amount of
extension which occurred during this phase
is estimated to be 5 km in the middle OT
(Letouzey and Kimura, 1985, 1986; Sibuet
et aI., 1987, 1995, 1998; Miki et aI., 1990;
Miki, 1995; Fabbri and Fournier, 1999).
Present-day volcanism in the region occurs
along the Ryukyu volcanic arc and in the
back-arc basin. Arc volcanism is manifested
as a series of submarine andesite-dominated
volcanoes and small islands along a narrow
band which is continuous from Japan to
Taiwan. The size of the arc volcanoes de-
creases from Kyushu Island to Okinawa
Island. Between Okinawa Island and Tai-
wan, the arc volcanoes are only a few kilo-
metres in diameter (Sibuet et aI., 1987,
1998; Shinjo et aI., 1999, 2000). The arc
volcanoes are interpreted as syn-eruptive
sources of pyroclastic material to the OT as
suggested by fresh pumiceous material re-
covered from seamounts in the southwestern
OT (Sibuet et aI., 1998). Present-day back-
arc volcanism occurs within the middle to
southern OT within en echelon elongated
linear bathymetric depressions considered as
central grabens (Letouzey and Kimura,
1985; Sibuet et aI., 1987, 1998). Volcanic
rocks sampled from these depressions are
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Figure 11-3: Bathymetry of the Okinawa Trough as well as locations of submarine vent sites
(Sibuet et aI., 1995).
bimodal in composition, with basalt and
rhyolite as the dominant modes (Shinjo et
aI., 1999).
Hydrothermal activities representing possi-
ble modem analogous to the ancient massive
sulphide deposits in the Seventy Mile Range
Group have been reported from three loca-
tions in the Central Okinawa Trough (Figure
11-3). A large active hydrothermal field has
been discovered at the inside northeast slope
of the Izena cauldron at 27°16'N and
127°05'E at the JADE site. The cauldron has
a maximum water depth of 1,650 m and is
filled with young and unconsolidated sedi-
ments. High temperature (up to 320°C)
fluids containing suspended sulphide parti-
cles discharge from several black smokers,
whereas low-temperature (220°C) clear
fluids vent from nearby white chimneys and
sulphide mounds (Halbach et aI., 1989,
1993; Marumo and Hattori, 1999). Another
active hydrothermal field has been discov-
ered at the Iheya Ridge, at the CLAM site at
27°33'N and 126°58'E. The Iheya Ridge
comprises highly vesicular basalts that
formed by recent eruptions. Hydrothermal
activities (lOO to 220°C) occur in a small
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area at a water depth of 1,400 m. Seafloor
precipitates consists of carbonates, amor-
phous silica, native sulphur, and trace
amounts of sulphides including wurtzite,
pyrrhotite, and galena (Tanaka et aI., 1989;
Sakai et aI., 1990b; Gamo et aI., 1991a,b;
Izawa et aI., 1991; Hongo and Nozaki,
2001). A third high temperature (267 to 278
0c) venting site has been reported from the
Minami-Ensei knoll located at a rifling cen-
tre at 28°23.5'N and l27°38.5'E in a water
depth of 690 to 750 m (Chiba et aI., 1992).
The topography of this area is characterised
by small hills and depressions occurring at
the rim of a volcanic complex (Aoki et aI.,
1993). Samples recovered from this area are
mainly composed of anhydrite although
massive sulphides have also been discov-
ered (Nedachi et aI., 1992).
11.2.2 Relationship to tectonic evolution
and regional stratigraphy
All massive sulphide deposits currently
known to occur in the Seventy Mile Range
Group are hosted by the Trooper Creek
Formation (Chapter 2). This implies that
massive sulphides were only formed at a
specific stage of the development of the
Cambro-Ordovician back-arc basin. Because
the crustal-derived volcanic rocks of the
Mount Windsor Formation appear to be de-
void of massive sulphides, it is suggested
that the massive sulphides including the
Waterloo VHMS deposit are genetically
linked to basalt-andesite-dacite-rhyolite vol-
canism derived from melting of a mantle
source.
A similar association between massive sul-
phide formation and volcanism derived from
a mantle source has been documented for
the Silurian massive sulphide district of
Benambra in the southern part of the Tas-
man Fold Belt System, Victoria, Australia
(Stolz et aI., 1997). The Wilga and Curra-
wong Cu-Zn deposits are exactly located at
the stratigraphic change from rhyolitic vol-
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canic rocks and associated volcaniclastic
deposits of the Thorkidaan Volcanics to
overlying basalt-andesite-dacite rocks that
form part of the Gibson's Folly Formation
(Alien, 1992). The Thorkidaan Volcanics in
the footwall of the ores have been derived
by partial melting of older crustal rocks,
whereas the Gibson's Folly Formation in the
hanging wall is considered to have formed
from a relatively undepleted mantle source.
The volcanic rocks of the Benambra district
were most likely deposited in an embryonic
back-arc basin developed on stretched con-
tinental lithosphere, or in small pull-apart
basins developed adjacent to a transtentional
margin (Stolz et aI., 1997).
In addition to the fact that the occurrence of
massive sulphides in the Seventy Mile
Range Group is restricted to the Trooper
Creek Formation, the VHMS deposits ap-
pear to be limited to three stratigraphic po-
sitions, i.e., the contact to the underlying
Mount Windsor Formation (Thalanga-West
45 horizon), the central unit of the Trooper
Creek Formation (Waterloo horizon), and
the upper unit of the Trooper Creek Forma-
tion (Liontown-HighwaylReward horizon).
Therefore, it is proposed that the massive
sulphide formation occurred within specific
extensional intrabasinal scale settings
(Large, 1991) that were only formed at spe-
cific times of mantle-derived basalt-
andesite-dacite-rhyolite volcanism.
11.2.3 Depositional environment of mas-
sive sulphide formation
The iuternal organisation of the volcaniclas-
tic facies, the occurrence of hyaloclastite,
intrusions into wet and uuconsolidated
sediments, aud the hemipelagic sedimenta-
tion of mudstone collectively suggest a
submarine depositional environment for the
Waterloo sequence (Chapter 5). The absence
of shallow-marine sedimentary structures
such as wave ripples or hummocky cross-
bedding is indicative for a below storm
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wave base setting, i.e., below 50 to 100 m
water depth (Johnson and Baldwin, 1986).
The geometry and bedforms of the reworked
volcaniclastic facies are best explained by
derivation of volcanic debris from topo-
graphically higher areas and downslope dis-
tribution into a deeper water environment by
gravity-driven subaqueous mass flows.
Thus, the Waterloo area was a depocenter
that was possibly located in relatively deep
water (Chapter 5).
Although the water depth of massive sul-
phide formation at Waterloo cannot be con-
strained conclusively from the volcanologi-
cal and sedimentary evidence, extensive
volcanic facies mapping in the east of the
Waterloo deposit in the area between High-
way-Reward and the Trooper Creek pros-
pect provides important constraints on the
depositional environment of the Trooper
Creek Formation (Doyle, 1997).
In the area studied by Doyle (1997), the
Trooper Creek Formation was subdivided
into the Kitchenrock Hill Member and the
overlying Highway-Member. The Kitchen-
rock Hill Member was found to contain
rounded clasts that were sourced from the
Mount Windsor Formation. It was suggested
that rounding of these clasts occurred in a
high-energy environment prior to redeposi-
tion. Thus, the source area was possibly
located in a subaerial to shallow-marine
environment. Doyle (1997) also demon-
strated that the volcaniclastic facies of the
Kitchenrock Hill Member contain abundant
pumice, shards, as well as crystals and
crystal fragments implying that the sediment
gravity flows were sourced from explosive
magmatic or phreatomagmatic eruptions of
shallow-marine to subaerial volcanic cen-
tres.
The overlying Highway Member lacks
rounded clasts of Mount Windsor prove-
nance. Thus, the source area of the sedi-
mentation changed from a mixed volcanic
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source during deposition of the Kitchenrock
Hill Member to syn-eruptive sedimentation
during formation of the Highway Member.
However, the syn-eruptive resedimented
volcaniclastic facies of the Highway Mem-
ber also contain pyroclasts that are likely to
have been originated from extrabasinal, ba-
sin margin, or shallow subaqueous intra-
basinal silicic volcanic centres. Doyle
(1997) as well as Doyle and McPhie (2001)
observed strongly scoriaceous andesitic vol-
caniclastic facies associations at the High-
way East Prospect. The scoriaceous charac-
ter of these clasts as well as the internal or-
ganisation of the enclosing facies imply that
the vent area was located below storm wave
base in relatively shallow-water of 500 to
1,000 m depth (McBirney, 1963; Cas,
1992). In the vicinity of the Trooper Creek
prospect, andesitic volcanism constructed an
edifice that shoaled to above storm wave
base and may have been temporarily emer-
gent (Doyle, 1997; Doyle and McPhie,
2001).
Based on the extensive regional volcanic
facies mapping, Doyle (1997), as well as
Doyle and McPhie (2001), proposed that the
water depth has varied spatially and tempo-
rally during deposition of the Trooper Creek
Formation (Figure 11-4). This conclusion is
supported by the findings of Miller (1996)
who reported the occurrence of accretionary
lapilli in the hanging wall of the Liontown
deposit. Accretionary lapilli principally
form in subaerial environments although
deposition, redeposition, and reworking may
occur in subaqueous settings (McPhie et aI.,
1993). Thus, the Liontown deposit was lo-
cated proximal to a subaerial volcanic centre
(Miller, 1996).
The collective results of these studies sug-
gest that the environment of massive sul-
phide formation during deposition of the
Trooper Creek Formation may have varied
from shallow to relatively deep marine. It,
therefore, appears unlikely that the Waterloo
11 Discussion
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Figure 11-4: Palaeogeographic reconstruction of the Trooper Creek Fonnation and subaerial source area during
the deposition of the Highway Member: 1 dome, 2 partly extrusive cryptodome, 3 resedimented intrusive hydro-
clastic breccia, 4 resedimented hyaloclastite, 5 lava, 6 syn-sedimentary intrusion, 7 submarine scoria cone, 8
resedimented andesitic scoria breccia, 9 microbiatite, 10 ponding of syn-eruptive sediment gravity flow deposit
against lava dome, 11 syn-eruptive resedimentation of pyroclastie debris by subaqueous mass flow, 12 water-
settled ash fall, J3 subaeria1 explosive rhyotitie and daeitic volcanoes soureing pyroe1asts to the basin, 14 mas-
sive sulphide bodies, 15 syn-volcanie fault; KRHM Kitchenrock Hill Member, MWF Mount Windsor Fonnation
(Day!e, 1997).
deposit formed in an extremely deep marine
environment.
11.2,4 Genetic link to style and composi-
tion of volcanism
The results of the volcanic facies analysis
suggest that the style and composition of the
submarine volcanism in the Waterloo area
was subject to considerable variations
through time as evidenced by the occurrence
of volcanic rocks of different compositions
within the footwall and the immediate
hanging wall of the deposit (Chapter 5).
The massive sulphides occur in the strati-
graphic hanging wall of a non-explosive,
near-vent proximal facies association of an
andesitic volcano. The apparent paucity of
ambient sediments in the lower part of the
footwall sequence and the limited sizes of
the individual emplacement units suggest
that the andesite-dominated proximal facies
accumulated rapidly from relatively small
lava batches. The hydrothelmal system be-
came active after cessation of the andesitic
volcanism or, alternatively, started to oper-
ated at the waning stage of the andesitic
volcanism.
II Discussion
The ores are overlain and partly hosted by
the mass flow-derived coarse quartz-
feldspar crystal-rich sandstone and breccia
facies that is interpreted to have been de-
rived from coarse quartz- and feldspar-
porphyritic cryptodomes and lavas of dacitic
to rhyolitic compositions located outside the
study area (Chapter 5 and 6). Volcanism
within the study area also shifted to a dacitic
composition as evidenced by the emplace-
ment of the partially emergent feldspar-
porphyritic dacitic cryptodome into the still
wet and unconsolidated coarse quartz-
feldspar crystal-rich sandstone and breccia
facies. This cryptodome is more than 50 m
thick and has a diameter exceeding 200 m
(Chapter 5). Although burial of the massive
sulphides appears to have coincided with the
waning of the hydrothermal activities, the
hydrothermal system continued to operate
for some time after emplacement of the
partly emergent cryptodome as indicated by
the hydrothermal alteration of the dacite and
the surrounding volcaniclastic facies
(Chapter 5 and 8).
From the reconstruction of the volcanic fa-
cies architecture it is suggested that the mas-
sive sulphide fonning hydrothermal system
at Waterloo was genetically linked to the
cryptodome formation and, possibly, to the
contemporaneous dacite/rhyolite crypto-
dome volcanism occurring outside the study
area.
Similar links between massive sulphide
formation and dacite/rhyolite crypto-
dome/sill complexes have also been demon-
strated for other VHMS deposits within the
Trooper Creek formation. At Thalanga, Hill
(1996) as well as Paulick and McPhie
(1999) showed that the deposition of the
massive sulphides coincided with an abrupt
change from rhyolitic volcanism of the
Mount Windsor Formation to the deposition
of coarse quartz-feldspar crystal-rich mass
flows and the emplacement of dacite and
rhyolite units belonging to the Trooper
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Creek Formation. The quartz-feldspar crys-
tal-rich volcaniclastic sediments in the im-
mediate hanging wall to the ores were inter-
preted to have formed by intense quenching
of partly pumiceous subaqueous porphyritic
cryptodomes and lavas (Hill, 1996).
The Highway-Reward deposit is hosted by a
submarine dacite-rhyolite shallow-intrusion-
dominated volcanic centre occurring in the
upper part of the Trooper Creek Formation.
The volcanic centre comprises 13 texturally
distinct porphyritic cryptodomes and sills
that range in thickness from <10 to 350 m.
The diameter of these emplacement units
typically exceeds 200 m. Intrusion of the
porphyritic bodies occurred in a succession
dominated by very thick beds of pumice
breccia and crystal-rich sandstone. The pipe-
like massive sulphides formed shortly after
the emplacement of a partly extrusive
quartz-feldspar-porphyritic rhyolite crypto-
dome (Doyle, 1997; Doyle and Huston,
1999; Doyle and McPhie, 2000).
A close temporal and spatial relationship of
massive sulphides and subaqueous
dacite/rhyolite cryptodome-tuff volcanoes is
also described from the Proterozoic Skel-
lefte district, Sweden (Alien et aI., 1996;
Bergman Weihed et aI., 1996; Montelius et
aI., 2000). Although these volcanoes form
only <5 % of the district, they are associated
with many massive sulphides including the
Boliden, Maurliden, Petikniis, and Langsele
VHMS deposits. The cryptodome-tuff vol-
canoes in this district range from 2 to 10 km
in diameter and 250 to 1,200 m in thickness.
The volcanoes are typified by a small to
moderate volume of pumiceous pyroclastic
deposits, a product of an early gas-rich
magma eruption, that was later intruded by
multiple batches of degassed magma form-
ing porphyritic cryptodomes, sills and dikes.
The proximal near-vent areas contain the
majority of the silicic intrusions and show
the thickest intervals of tuff deposits. The
lateral facies changes away from the vent
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sites comprise a decrease in the number of
intrusions and the thickness and grain size
of the tuffunits (Alien et aI., 1996).
Well documented examples of massive sul-
phide deposits associated with silicic domes
can also be found in the Miocene Hokuroku
district, Japan. Horikoshi (1969) and Urabe
and Sato (1978) established that the miner-
alising events forming the massive sulphide
deposits in the Kosaka mine area occurred
shortly after the emplacement of rhyolite
domes. For instance, the Uchinotai-nishi and
Uchinotai-higashi massive sulphides are
located at the flanks of rhyolite domes that
experienced intense hydrothermal alteration.
These domes typically have diameters of
200 m and show a maximum thickness of
about 150 m. A close spatial and temporal
relationship between massive sulphide for-
mation and rhyolitic volcanism was also
described from the Parys Mountain VHMS
deposit, Wales, United Kingdom (Barrett et
aI., 2001).
The abundant occurrence of massive sul-
phides in temporal and spatial association
with silicic cryptodome/sillcomplexes/vol-
canoes in the Seventy Mile Range Group as
well as other VHMS districts indicates that
this volcanological setting is particularly
favourable for massive sulphide formation.
The association between hydrothermal ac-
tivities and this type of volcanism also sug-
gests that massive sulphide deposits may
have a close genetic link to shallow intru-
sive to partially extrusive silicic volcanism.
11.2.5 Volcanological controls on the ore
types and alteration styles
The size and intensity of the footwall altera-
tion as well as the absence ofunaltered lavas
in the footwall of the Waterloo deposit indi-
cate that the hydrothermal system operated
after cessation of the andesitic volcanism in
the area or, alternatively, became active
during the waning stage of andesitic vol-
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canism and outlived the volcanic activities.
The available evidence also suggests that the
mineralisation at Waterloo formed a more or
less continuous blanket-like ore body prior
to deformation (Chapter 4). The ores typi-
cally overly intensely altered and silicified
coherent volcanic rocks (Chapter 5). The top
surface of these volcanic rocks is interpreted
to have formed the seafloor at the time of
massive sulphide precipitation. The majority
of the massive sulphides may have formed
at the seafloor by exhalative processes.
Previous workers have considered the vol-
canic facies architecture in the footwall of
VHMS deposits to control the style of min-
eralisation and alteration because factors
such as primary differences in the perme-
ability may be important in concentrating
hydrothermal fluid flow. Moreover, syn-
depositional structures are likely to play an
important role as pathways for ascending
hydrothermal solutions (Large, 1992; Gib-
son et aI., 1999). However, there is no clear
evidence for primary differences in the per-
meability or major syn-depositional struc-
tures focusing fluid flow in the footwall of
the Waterloo deposit. Discordant zones of
alteration are not abundant and the alteration
zonation in the footwall of the Waterloo
deposit does not coincide with particular
facies boundaries of volcanic facies types.
Therefore, fluid flow through the flow-
dominated footwall succession is envisaged
to have been largely diffuse during the
waxing stage of the hydrothermal activities
where fluid flow was at least initially con-
trolled by small fissures and fractures in the
host rocks, contacts between individual an-
desitic emplacement units, or local breccia
intervals.
Precipitation of the massive sulphides at the
seafloor was probably accompanied by a
period of relatively quite sedimentation.
Fine-grained pelagic sediment recording a
low-energy environment at the time of mas-
sive sulphide accumulation was probably
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not observed due to the intense alteration of
the favourable horizon. Alternatively, these
sediments may have been removed or incor-
porated into the mass flows that deposited
the coarse quartz-feldspar crystal-rich sand-
stone and breccia facies in the immediate
hanging wall to the massive sulphides.
Burial of the massive sulphides by the mass
flow-derived coarse quartz-feldspar crystal-
rich sandstone and breccia facies was ac-
companied by a change from seafloor sul-
phide precipitation to processes of replace-
ment and infilling and related hanging wall
alteration. The continuation of the hy-
drothermal activities after burial of the ore
bodies is documented by the hydrothermal
alteration of hanging wall rocks that extends
several metres into the hanging wall without
any abrupt breaks in intensity. Suh-seafloor
cooling of unfocused ascending hydrother-
mal fluids by interaction with seawater en-
trained into the unconsolidated sediment
resulted in the precipitation of a wide range
of secondary minerals within the pore space
and also caused the extensive replacement
of detrital components (Chapter 8). Re-
placement and infiltration .of the coarse
quartz-feldspar crystal-rich sandstone and
breccia facies by impregnation ore is rela-
tively common in drill core. Therefore, it
may be possible that tongues of massive ore
fmilled by replacement of the permeable
sediment immediately below the seafloor.
Replacement of a favourable horizon has
been reported from several ancient VHMS
deposits and modem seafloor hydrothermal
systems (Goodfellow and Blaise, 1988;
Goodfellow and Franklin, 1993; Zierenberg
et aI., 1993; Bodon and Valenta, 1995). Sub-
seafloor replacement deposits are commonly
hosted by rapidly emplaced units such as
pumiceous facies. Pumiceous facies are par-
ticularly favourable because of their origi-
nally highly porous, permeable, water satu-
rated, and glassy nature (Khin Zaw and
Large, 1992; Alien, 1994).
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The distance between the seafloor and the
replacement front can usually not be con-
strained. A notable exception is the Cam-
brian Hercules deposit in the Mount Read
Volcanic Belt of western Tasmania. In this
deposit, mass flow-derived volcaniclastic
sediments directly overlying the host rock to
the sub-seafloor replacement deposit contain
clasts of massive sulphides. This observa-
tion indicates that replacement and infiltra-
tion occurred within a few metres from the
seafloor (Alien and Hunns, 1990). Sulphide
impregnations and semi-massive replace-
ment ores were also reported from the Bent
Hill and ODP mound massive sulphide oc-
currences in the Middle Valley on the north-
cm Juan de Fuca spreading centre. These
ores were recovered during ODP Leg 169 at
a depth of 200 to 210 metres below seafloor
from a copper-rich replacement zone devel-
oped within medium- to coarse-grained,
locally crossbedded, turbiditic sand
(Zierenberg et aI., 1998).
11.3 Hydrothermal environment of al-
teration
Reconstruction of tile hydrothermal envi-
ronment of alteration requires the under-
standing of (I) the mechanisms of hy-
drothermal alteration, (2) the metasomatic
processes that took place during the miner-
alising event, (3) processes of element re-
moval from the alteration halo, (4) processes
of element redistribution within the altera-
tion halo, (5) the origin of the zonation of
the alteration halo, and (6) the discrimina-
tion between hydrothermal and regional
alteration. Each of these different aspects is
discussed in turn.
11.3.1 Mechanisms of hydrothermal al-
teration
In the present thesis, two types of mineral
alteration have been identified: (I) mecha-
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nisms of chemical replacement of primary
minerals by secondary minerals (destructive
alteration) and (2) mechanisms of chemical
and physical modification of primary phases
without the formation of mineralogically
distinct secondary phases (non-destructive
alteration). However, it is important to note
that the fluid-rock interaction also involved
changes in the mineralogical and chemical
composition of wall rocks by (3) processes
of simple dissolution of primary minerals
and precipitation of secondary minerals (re-
actions involving open space). Examples of
the three different types of hydrothermal
alteration are briefly discussed in the fol-
lowing sections.
Destructive alteration
The probably most abundant process of
mineral alteration at Waterloo involved a
solid material as the precursor and a solid
material as the product of alteration (Chap-
ter 8). This type of alteration reaction is re-
ferred to as a solid state alteration reaction.
Although the precursor and product materi-
als are solid, the hydrothermal fluids may be
involved as a transport medium of chemical
components and as a source of heat to drive
the reaction (Schmalzried, 1981).
Solid state reactions can be identified by
several criteria (Kempe et aI., 1999). In par-
ticular, the incomplete formation of pseu-
domorphs reveals information on the nature
of the precursor material as well as on the
products of alteration. Moreover, element
signatures can be inherited from the precur-
sor to the product of alteration allowing the
reconstruction of the alteration reaction.
Textural criteria can also be used to identify
solid state reactions. Textural evidence pri-
marily includes different types of mechani-
cal effects of the growing secondary mineral
on the surrounding primary grains.
The probably most abundant solid state al-
teration reaction producing pseudomorphs in
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the alteration balo of the Waterloo deposit is
the transformation of primary plagioclase
lath to aggregates of finely intergrown
quartz and white mica. These aggregates
commonly contain relicts of the plagioclase
(Chapter 8). The mechanism of alteration is
envisaged to have involved a dissolution-
crystallisation mechanism.
Another type of frequently observed pseu-
domorphs involves the formation of rutile
and pyrite after titanomagnetite or ilmenite.
Ferrous iron liberated during dissolution of
titanomagnetite or ilmenite formed either
pyrite by reaction with a sulphur species
contained in the hydrothermal fluid or was
removed from the site of the dissolving Fe-
Ti oxides. The removal of ferrous iron re-
sulted in the liberation of Ti02 that ulti-
mately formed rutile. In some cases net-
works of intergrown rutile needles closely
resemble primary exsolution lamellae in
titanoferous magnetite (Chapter 8).
Pseudomorphs also formed as a result of the
solid state alteration of K-rich to Na-rich
white mica (Chapter 10). The transformation
of K-rich white mica to Na-rich white mica
probably occurred by a dissolution and re-
crystallisation processes as evidenced by
textural relationships observed at the nano-
meter scale (Giorgetti et aI., 2002). How-
ever, formation of thermodynamically stable
paragonite was commonly delayed and me-
tastable homogeneous intermediate NaJK
mica was formed. This micaceous phase
records an incomplete alteration reaction
where variable amounts of potassium were
inherited from the precursor to the metasta-
ble alteration product.
Non-destructive alteration
An important result of the alteration halo
study is that hydrothermal alteration in the
massive sulphide forming environment af-
fects virtually all primary minerals con-
tained in the volcanic rocks (Chapter 8).
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Even minerals that were either thermody-
namically stable or resistant to the aggres-
sive hydrothermal fluids, experienced
physical and chemical changes due to their
interaction with the hydrothermal fluids.
This type of alteration is classified as a non-
destructive alteration process because al-
teration-induced chemical and structural
changes were insufficient to transform the
primary mineral into a new mineral species.
Previous studies have shown that non-
destructive alteration can be identified using
a wide range of different criteria. For in-
stance, the interaction of minerals with flu-
ids may result in the incorporation of ele-
ments from the hydrothermal fluids and can
than be identified by chemical analysis of
monomineralic samples or by application of
microanalytical techniques (Gotze et aI.,
1999; Towsend et aI., 2000; Geisler et aI.,
2001; Bi et aI., 2002; Monecke et aI., 2002).
The primary zoning of minerals can be
modified due to non-destructive hydrother-
mal alteration as evidenced by BSE imaging
on a SEM (Komninou and Sverjensky,
1995; Kempe et aI., 1999,2000; Towsend et
aI., 2000; Poitrasson, 2002). Alternatively, a
hydrothermal overprint may yield changes
in the optical properties of the altered min-
eral that can be identified by optical CL mi-
croscopy or spectroscopic studies (Boiron et
aI., 1992; Mora and Ramseyer, 1992; King
et aI., 1997; Vanko and Laverne, 1998;
Gotze et aI., 1999; Van den Kerkhof and
Hein, 2001; Monecke et aI., 2002). The evi-
dence may also include modifications of the
crystal structure (Komninou and Sverjensky,
1995; Geisler et aI., 2001), the disturbance
of isotopic systems (King et aI., 1997;
Kempe et aI., 2000), the formation of secon-
dary fluid inclusions (Boiron et aI., 1992;
Van den Kerkhof and Hein, 200 I), and al-
teration-induced changes in physical prop-
erties such as the porosity (Trinkler and
Martin, 1998; Vanko and Laverne, 1998).
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At Waterloo, quartz crystals and crystal
fragments in the coarse quartz-feldspar
crystal-rich sandstone and breccia facies are
conunonly non-destructive altered as evi-
denced by the quenching of the primary blue
to violet CL signal. The quenching of the
primary luminescence frequently occurs in
zones containing trails of secondary fluid
inclusions suggesting a close genetic rela-
tionship between these two alteration fea-
tures (Chapter 8). A similar link between
secondary fluid inclusions and changes in
the CL behaviour of quartz has been de-
scribed by Boiron et al. (1992) as well as
Van den Kerkhof and Hein (200 I). These
authors interpreted the observed changes in
the CL signal to be a result of the healing of
microfractures.
An example of non-destructive alteration
involving substantial compositional changes
are altered zircon grains contained in the
hydrothermally altered coarse quartz-
feldspar crystal-rich sandstone and breccia
facies of the hanging wall of the Waterloo
deposit (Chapter 8). These altered zircon
grains are typified by patchy internal struc-
tures visible in BSE images and variable
enrichments of CaO and FeO (>0.5 wt.%).
These enrichment trends appear to be a
characteristic feature of non-destructive al-
teration in zircon and have been described
by several previous workers (Kempe et aI.,
1999, 2000; Geisler and Schleicher, 2000;
Geisler et aI., 2001).
Reactions involving open space
In addition to the two types of mineral al-
teration discussed above, simple processes
of dissolution and precipitation also alter the
bulk composition of the volcanic wall rocks.
In contrast to solid state alteration reactions,
dissolution mechanisms create a cavity by
dissolving primary minerals, whereas pre-
cipitation of secondary minerals from the
hydrothermal fluid results in the filling of an
open space.
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Dissolution and precipitation processes are
best identified on the basis of textural evi-
dence. Incomplete dissolution processes
may, for instance, result in the development
of etching pits on crystal surfaces or the
formation of porous relicts of the primary
material. Precipitation of secondary miner-
als into open space can be identified by the
characteristic shape of the infilled material.
In contrast to solid state reactions, the in-
filling secondary mineral cannot inherit a
chemical signature from the previously dis-
solved material.
A common dissolution process taking place
in the alteration halo of the Waterloo deposit
is the observed decomposition of apatite
contained in the silicic, phyllic, and phyllic-
argillic-altered wall rocks (Chapter 8). Par-
tial dissolution is evidenced by the abundant
occurrence of faint grains and remnant po-
rous patches of apatite. As a consequence of
this dissolution process, the chemical com-
ponents of apatite were liberated and re-
moved from the site of dissolution by the
hydrothermal fluids.
Precipitation processes also occurred in the
alteration halo of the Waterloo deposit.
However, with the exception of calcite in-
fillings in amygdales of altered andesites in
the outer footwall alteration halo (Chapter
8), precipitation of minerals into open space
typically also involved at least some re-
placement of pre-existing solid material
surrounding the infilled cavity. Monazite
grains in the coarse quartz-feldspar crystal-
rich sandstone and breccia facies are inter-
preted to have commonly grown in the pore
space of the volcaniclastic sediment. How-
ever, the grain shape of monazite is deci-
sively influenced by the nature of the sur-
rounding grains suggesting at least partial
replacement of the neighbouring grains by
monazite. Monazite forms euhedral grains
or well defined crystal faces in contact with
quartz crystals and crystal fragments and
commonly replaces this mineral. In contrast,
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monazite grains in contact with white mica
and chlorite are typified by irregularly em-
bayed grain boundaries. Thus, monazite
grains are anhedral when located in a phyl-
losilicate matrix (Chapter 8).
Thermodynamic aspects
A thermodynamically important aspect that
needs to be addressed in the context of min-
eral alteration is the reversibility of the
chemical reactions (Giggenbach, 1981). As
shown above, the main processes controlling
the distribution of minerals in the alteration
halo of the Waterloo deposit are solid state
alteration reactions. These reactions cause a
gradual conversion of a precursor material
that is thermodynamically unstable in the
hydrothermal environment to a secondary
material that is stable. The overall alteration
reaction is close to irreversible, Le., the pro-
portionality constant kr of the forward reac-
tion is much larger than the proportionality
constant kb of the backward reaction. How-
ever, the overall chemical reaction must be
incomplete because the proportionality con-
stant kb is never exactly zero at T>O. In min-
eralogical terms, this means that chemical
components of the reacting material will be
contained in the alteration product. This
thermodynamic consideration explains the
empirical observation that destructive min-
eral alteration results in chemical inheri-
tance from the precursor material to the al-
teration product.
A second aspect important to the under-
standing of hydrothermal alteration is the
commonly discussed attainment of equilib-
rium. On the basis of experimental studies
of fluid-rock interaction it has been well
established that alteration reactions typically
proceed fast (Morey and Chen, 1955; Morey
and Foumier, 1961; Zielinski, 1979). How-
ever, it is fundamentally problematic to con-
clude from these experimental studies that
thermodynamic equilibrium wi1l be easily
achieved during mineral alteration in an ore-
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forming hydrothermal environment (Lasaga
et aI., 2001).
From the thermodynamic point of view, it is
clear that equilibrium will be ultimately
reached between the hydrothermal fluids
and the rocks under closed system condi-
tions given sufficient time. However, in the
ore-forming hydrothermal environment,
alteration proceeds in an open system. By
definition, steady state is reached in open
systems if the input and output rates of each
chemical component are balanced every-
where in the system (8c;l8t=0 for all compo-
nents i contained in the fluid). As demon-
strated by Lasaga et al. (2001), it is by no
means clear that the steady state composi-
tion of a hydrothermal fluid within an open
flow-dominated system is near to the equi-
librium composition of the fluid attained in
a similar, but closed, system. The equilib-
rium simply represents a special case of
steady state.
An important aspect is the spatial variation
of the steady state composition. In a fluid-
dominated alteration regime, the degree of
deviation of the steady state from equilib-
rium primarily depends on the velocity of
the fluid and the distance covered by the
fluid during its travel through the reactive
rock. At a low flow velocity, the steady state
will approach equilibrium at a relatively
short distance, whereas a fluid with a high
flow velocity has to cover a considerable
distance before the steady state approaches
equilibrium (Lasaga and Rye, 1993; Lasaga
et aI., 2001). In a rock-dominated alteration
regime, the steady state composition ulti-
mately reached will strongly depend on the
rates of mineral alteration. In general, this
steady state will be very different to equilib-
rium because the amount of fluid entering
the area of low fluid flow will be too small
to allow equilibration between the fluid and
the rocks.
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Hydrothenmal alteration at the Waterloo
massive sulphide deposit clearly proceeded
under open system conditions because of a
fluid supply from below the alteration halo
and the fluid discharge into the ambient sea.
Assuming that the Waterloo system was
similar to modem seafloor hydrothennal
systems, the hydrothermal fluids must have
channelled through the alteration balo at
velocities ranging from centimetres to me-
tres per second (Converse et aI., 1984;
Schultz and Strickland, 1990; McDuff,
1995). In this relatively dynamic hy-
drothenmal environment, steady state condi-
tions may have been reached unless rapid
environment changes occurred due to out-
side geological process. Attainment of
steady state conditions in massive sulphide
forming fluids is plausible because time
series measurements of fluids venting from
mature hydrothenmal systems at the modem
seafloor indicate that 8c;l8t may indeed ap-
proach zero for all components i contained
in the hydrothermal fluid at a decadal time
scale (Campbell et aI., 1988; Butterfield et
aI., 1994; Edmond et aI., 1995; Lupton,
1995; Von Damrn, 1995). Once steady state
is reached in such a hydrothermal system, it
may be maintained out of equilibrium for a
considerable time span.
Hence, it is fundamental to the understand-
ing of alteration that the steady state condi-
tion attained may be chemically and miner-
alogically very different from experimental
equilibrium reached in closed systems. It is
not justified to apply equilibrium thermody-
namic considerations to mineral alteration in
the massive sulphide forming environment
unless it can be shown that the steady state
reached is close to equilibrium. Because this
cannot be easily demonstrated in the case of
the Waterloo deposit, equilibrium thenmo-
dynamic considerations are avoided in the
discussion of the obtained geochemical and
mineralogical data.
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11.3.2 Metasomatic processes
The hydrothermal alteration of the volcanic
rocks hosting the Waterloo massive sulphide
deposit was accompanied by the influx of
large quantities of some elements. Based on
the mineralogical and geochemical evidence
gathered from the alteration halo study, sev-
eral metasomatic processes were identified.
Alteration in the inner and outer alteration
halo was found to be typically accompanied
by different metasomatic processes.
Hydrogen metasomatism
The mineralogical alteration halo study
showed that the quantitatively most impor-
tant changes that took place during hy-
drothermal alteration were related to the
conversion of primary igneous plagioclase
to quartz and muscovite (Chapters 8). This
conversion reaction was linked to the acidity
of the hydrothermal fluids because hydrogen
was consumed by the reaction. Hydrogen
metasomatism was pronounced in the inner
alteration halo as evidenced by the observed
complete decomposition of primary plagio-
clase, the abundance of secondary quartz
and muscovite, and the high loss on ignition
values of the altered rocks. In contrast, the
presence of relict plagioclase and lower loss
on ignition values in samples from the outer
alteration halo suggest that the time inte-
grated amount of hydrothermal fluids sup-
plied to these parts of the alteration halo was
limited (Chapter 8). Therefore, alteration
proximal to the mineralisation is interpreted
to have proceeded in a fluid-dominated al-
teration regime, whereas alteration distal to
the ores was rock-dominated.
The observation that hydrogen metasoma-
tism was the chemically most dominant pro-
cess during hydrothermal alteration at Wa-
terloo questions the applicability of mass
balance calculations in the study of hy-
drothermal alteration halos enveloping mas-
sive sulphide deposits. Over the past dec-
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ades, it has become common practise to cal-
culate and report gains and losses of ele-
ments during alteration in terms of weight
percent of oxides (Marquis et aI., 1990;
MacLean and Hoy, 1991; Niu and Lesher,
1991; MacLean and Barrel!, 1993; Huston et
aI., 1995; Gifkins and Allen, 2001; Herr-
mann and Hill, 2001). This practise clearly
obscures the chemical nature of alteration
because of the low weight of the hydrogen
ion compared to other species. Therefore, it
is suggested here that gains and losses dur-
ing hydrothermal alteration should be cal-
culated and reported as mole quantities if
immobility of certain reference elements
and other boundary conditions are met
(which appears not to be the case at Water-
loo).
Potassium metasomatism
The conversion of primary magmatic pla-
gioclase to quartz and muscovite during
hydrothermal alteration also required the
influx of large amounts of potassium. Potas-
sium metasomatism was profoundly impor-
tant because it caused a compositional re-
adjustment of the whole rocks promoting the
formation of thermodynamically stable al-
teration mineral association. The addition of
potassium was more pronounced in the inner
alteration halo than in the outer alteration
halo as suggested by increasing K20 con-
tents with decreasing distance to the massive
sulphides (Chapter 9).
Potassium metasomatism at Waterloo was
accompanied by the metasomatic enrich-
ments of Rb, Cs, and Ba (Chapter 9). The
formation of secondary muscovite in the
alteration halo was related to an increase of
the Rb and Cs whole rock concentrations
because these elements were taken up from
the hydrothermal fluids and incorporated
into the XII site of the muscovite structure.
In addition to Rb and Cs, muscovite may
also represent a major host for Ba possibly
explaining the observed relative enrichment
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of this element in muscovite-rich alteration
mineral associations of the inner alteration
halo (barite was also observed as an altera-
tion product).
Silicification
Intense hydrothermal alteration in the inner
alteration halo also led to a silicification of
the volcanic rocks. The precipitation of sil-
ica from the hydrothermal fluids resulted in
the formation of the silicic alteration facies
in the immediate footwall to the massive
sulphides explaining the observed pro-
nounced enrichment of SiO, in this part of
the alteration halo (Chapter 9). Although
silicification may have initially resulted in
the formation of amorphous silica or a SiO,
polymorph (Chapter 8), quartz was probably
rapidly formed by crystallisation processes
as observed in modem seafloor hydrother-
mal systems (Hopkinson et aI., 1999).
Sulphidisation
Another important process taking place in
the inner alteration halo was the sulphidisa-
tion of the volcanic rocks. The addition of
large amounts of sulphur during hydrother-
mal alteration is indicated by the observed
positive correlation between the whole rock
sulphur contents and the alteration intensity
(Chapters 9). Sulphidisation caused the de-
composition of primary iron-bearing oxides
such as ilmenite or titanomagnetite and re-
sulted in the formation of secondary pyrite
and rutile (Chapter 8). Hydrothermal altera-
tion of the volcanic rocks probably also in-
volved a reaction of a sulphur species with
divalent iron contained in rock-forming sili-
cates or in the volcanic glass matrix result-
ing in the formation of large quantities of
pyrite (Chapter 8). The mineralogical redis-
tribution of iron explains the observation
that the Fe,03 whole rock concentration is
relatively independent on alteration intensity
(Chapter 9).
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Carbonatisation
In contrast to sulphidisation, carbonatisation
of the volcanic rocks is a characteristic of
the outer alteration halo. Total carbon con-
tent of the volcanic rocks broadly decreases
with increasing proximity to ore (Chapter
9). Primary magmatic plagioclase laths in
altered volcanic rocks from the outer altera-
tion halo are commonly directly replaced by
calcite. Other carbonates such as ankerite,
dolomite, and REE carbonates were also
only observed in the outer alteration halo
(Chapter 8).
Sodium metasomatism
Alteration in the outer alteration halo was
not only accompanied by a carbonatisation
of the volcanic rocks, but also resulted in a
pronounced sodium enrichment. Because of
the contrasting behaviour of potassium and
sodium, the K,OINa,O whole rock ratio can
be effectively used to distinguish between
the inner and the outer alteration halo
(Chapter 9).
Mineralogically, sodium metasomatism in
the outer alteration halo resulted in a con-
version of primary magmatic plagioclase to
secondary albite. Albitisation of the igneous
plagioclase is likely to have liberated cal-
cium promoting contemporaneous formation
of calcite and epidote. The addition of so-
dium also caused a compositional readjust-
ment of dioctahedral mica where previously
formed hydrothermal K-rich mica were re-
placed by secondary Na-rich mica (Chapter
10). The occurrence of secondary margarite
as solid solution in Na-rich mica and as a
discrete phase suggests that the addition of
sodium was accompanied by either calcium
metasomatism or a redistribution of calcium.
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11.3.3 Removal of elements from the al-
teration halo
The replacement of the primalY mineralogy
of the volcanic rocks by secondary mineral
associations did not only involve the influx
of elements by metasomatic processes, but
also caused the removal of chemical com-
ponents originally contained in the volcanic
rocks. Removal of chemical components
was most pronounced in the inner footwall
alteration halo because of the complete al-
teration to minerals that were thermody-
namically stable under the prevailing envi-
ronmental conditions.
The destruction of the primalY magmatic
plagioclase contained in the volcanic rocks
caused a depletion of CaO (Chapter 9).
Moreover, the Sr contained in the plagio-
clase was liberated during hydrothermal
alteration and removed from the inner al-
teration halo. Due to the complementary
geochemical behaviour of Rb and Sr, the
Rb/Sr ratio provides a tool that can be used
to distinguish between the inner and the
outer alteration halo.
Hydrothermal alteration in the inner altera-
tion halo also caused a depletion of a num-
ber of elements originally contained in ma-
fic minerals or in the volcanic glass. For
instance, most MnO and MgO contained in
the altered volcanic rocks is hosted by chlo-
rite. However, the whole rock MnO and
MgO contents decrease systematically from
the outer to the inner alteration halo because
of decreasing amounts of chlorite (Chapters
8 and 9). Chlorite was either not formed or
not stable in the immediate footwall of the
massive sulphides.
Because chemical components such as
MnO, MgO, and CaO were not redeposited
quantitatively elsewhere in the alteration
halo, these components must have been ex-
pelled into the ambient sea once the hy-
drothermal fluids reached the seafloor.
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Thus, wall rock alteration proceeded under
open system conditions where chemical
components were not only added by meta-
somatic processes, but also removed from
the alteration halo by hydrothermal fluids
leaving the system under consideration.
11.3.4 Element redistribution within the
alteration halo
Although the most important alteration-
induced chemical and mineralogical changes
in the alteration halo were related to meta-
somatic processes and associated processes
of element removal from the alteration halo,
alteration at Waterloo also involved a redis-
tribution of elements within the alteration
halo. The redistribution of elements oc-
curred in response to the dissolution of un-
stable mineral phases, uptake of the chemi-
cal components into the hydrothermal fluids,
transport, and subsequent redeposition
within the alteration halo, typically by pre-
cipitation of secondary mineral phases. The
sites of dissolution and precipitation are
usually separated in space where transport
distances ranged from the thin section scale
to the size of the entire alteration system.
The observed dissolution of primary mag-
matic apatite and the precipitation of secon-
dary phosphates such as monazite and xe-
notime may represent such a coupled disso-
lution-precipitation process. However, rem-
nant apatite grains are usually not inter-
grown with secondary phosphates (Chapter
8) implying that aqueous phosphate species
liberated during apatite dissolution were
transported by the hydrothermal fluids. On
the other hand, aqueous phosphate species
were consumed from the hydrothermal flu-
ids by the precipitation of monazite and xe-
notime that commonly formed in open space
or by replacement of other minerals such as
feldspar and quartz (Chapter 8). Similarly,
lanthanides liberated during the breakup of
apatite may have been incorporated into
these mineral species. Nevertheless, it has to
11 Discussion
be taken into account that the lanthanides
may also have been supplied by the hy-
drothermal fluids from outside the alteration
halo or, alternatively, may have been re-
leased during alteration of other primary
rock-forming minerals in the alteration halo
such as feldspars.
The dissolution of primary magmatic feld-
spars resulted in a liberation of Sr causing
the pronounced Sr depletion in intensely
altered volcanic rocks sampled from the
inner alteration halo (Chapter 9). Redeposi-
tion of Sr contained in the hydrothermal
fluids occurred in the hanging wall of the
Waterloo deposit as evidenced by the pre-
cipitation of secondary celestine. This min-
eral frequently occurs together with barite
and forms irregular patches, euhedral grains,
trails of irregularly formed grains, and small
veinlets (Chapter 8).
11.3.5 Origin of the zonation ofthe altera-
tion halo
The formation of the mineralogical and geo-
chemical zonation of the alteration halo en-
veloping the massive sulphides at Waterloo
is interpreted to be related to the attributes
of the fluid flow at the time of massive sul-
phide formation. Due to pronounced tem-
perature gradients between the mineralising
hydrothermal fluids and the ambient sea-
water, two complementary fluid flow re-
gimes are likely to have developed within
the alteration halo given a sufficiently high
permeability of the host rock sequence: (1)
flow of fluids that cooled by moving down a
temperature gradient and (2) flow of fluids
that heated up by moving up a temperature
gradient. From the geological point of view,
these two regimes corresponded to the
cooling of the high temperature hydrother-
mal fluids along the major upflow zones and
heating of seawater (or pore water) perco-
lating downward into zones surrounding the
thermal upflow, respectively.
188
The principal alteration process identified to
have taken place in the upflow zone of the
hydrothermal fluids was the formation of
large amounts of muscovite on the expense
of primary rock-forming silicates resulting
in the development of muscovite-rich al-
teration mineral associations along the ma-
jor upflow zones. Potassium metasomatism
required for the formation of the muscovite
was accompanied by silicification. Silicifi-
cation occurred in response to cooling of the
hydrothermal fluids because silica shows a
pronounced decrease in solubility with de-
creasing temperature (Chen and Marshall,
1982; Fournier, 1983). The limited size of
the silicic alteration facies suggests that
outward percolation of the hydrothermal
fluids into the zones surrounding the major
upflow was typically not associated with a
silicification of the volcanic rocks (Figure
11-5).
Potassium metasomatism in the upflow
zones and the surrounding areas affected by
hydrothermal wall rock alteration was
clearly accompanied by hydrogen metaso-
matism. Acid alteration was an important
factor controlling the formation of the phyl-
lic alteration mineral associations. In the
fluid-dominated alteration regime of the
upflow zones, the acidity of the hydrother-
mal fluids was probably only slightly influ-
enced by wall rocks interaction because
primary plagioclase was rapidly consumed
during the waxing stage of hydrothermal
activities. However, neutralisation of strong
acids is likely to have proceeded fast during
outward percolation of the hydrothermal
fluids into the zones surrounding the major
upflow where alteration occurred in a rock-
dominated regime throughout the entire
lifetime of the hydrothermal system. Neu-
tralisation of the strong acids during out-
ward percolation explains the distribution of
chlorite in the alteration halo. The reactivity
of CO2 with respect to hydrogen metasoma-
tism is interpreted to have increased with
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Figure 11~5: Schematic representation of the principal processes involved in the development of
the mineralogical and geochemical zonation of the alteration halo of the Waterloo deposit
increasing distance to the major upflow
zones as evidenced by the occurrence of
carbonates in the outer alteration halo. Sul-
phidisation of the volcanic rocks was most
pronounced in the major upflow zones and
only of minor importance in the outer al-
teration halo (Figure 11-5).
Although many features of the mineralogi-
cal and geochemical zonation of the altera-
tion halo can be conveniently explained by
successive outward migration and chemical
modification of hydrothermal fluids, the
present study provides evidence that perco-
lation of seawater into the zones surround-
ing the high temperature upflow zones was
intrinsically involved in the development of
the zonation of the alteration halo. For in-
stance, the conversion of primary plagio-
clase to albite in the outer alteration halo
must be attributed to a fluid that was Na-
rich. Moreover, previously fOlmed K-rich
mica were partially replaced by Na-ricb mi-
caceous phases explaining the occurrence of
more than one white mica species in zones
surrounding the major thermal upflow (Fig-
ure 11-5). Although mixing of seawater and
hydrothermal fluids may have occurred
throughout the lifetime of the hydrothermal
system, Na metasomatism in the outer al-
teration halo was probably most pronounced
towards the waning stage of the hydrother-
mal activities because of a decreasing up-
flow of hydrothermal fluids.
The size of the footwall alteration halo sug-
gests that these processes acted for a consid-
erable period of time resulting in a well de-
veloped alteration zonation in the footwall
of the deposit. Although the hanging wall
alteration halo of the Waterloo deposit also
shows a mineralogical and geochemical
zonation, hanging wall alteration must have
involved rapid changes in the attributes of
the hydrothermal fluid flow.
After formation of the massive sulphides,
the hydrothermal system was buried by the
coarse quartz-feldspar crystal-rich sandstone
and breccia facies of the marker horizon that
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was shortly after intruded by the dacite
cryptodome. These hanging wall lithologies
were initially affected by intense phyllic
alteration above the upflow zones of the
hydrothermal fluids. However, burial of the
hydrothermal system was accompanied by
the waning of the hydrothermal activities
and a dramatic decrease in fluid flow. Thus,
sub-seafloor cooling of the now slowly as-
cending hydrothermal fluids became im-
portant and substantial amounts of seawater
were entrained into the hanging wall altera-
tion halo.
Entrainment of substantial amounts of sea-
water and mixing with the hydrothermal
fluids is regarded to have been linked to the
deposition of increasing amounts of sul-
phates in the outer hanging wall alteration
halo as well as the shift into the hematite
stability field. As in the case of the footwall
alteration halo, entrainment of seawater was
accompanied by pronounced Na metasoma-
tism. Thus, seawater was responsible for the
conversion of primary feldspar to albite and
the replacement of hydrothermally formed
K-rich mica by Na-rich micaceous phases in
the outer hanging wall alteration halo.
The occurrence of K-rich minerals in altera-
tion zones proximal to mineralisation and
the presence of Na-rich minerals in zones
distal to mineralisation observed at Water-
loo may not be unusual because pronounced
spatial variations in the K,OlNa,O whole
rock contents within alteration halos have
also been described from a number of other
VHMS deposits (Ishikawa et aI., 1976; Date
et aI., 1983; Hashiguchi et aI., 1983;
Pisutha-Arnond and Ohmoto, 1983; Urabe
and Scot!, 1983; Urabe et aI., 1983; Ri-
chards et aI., 1989; Marquis et aI., 1990;
Elliot!-Meadows and Appleyard, 1991;
MacLean and Hoy, 1991; Gemmell and
Large, 1992; Hodges and Manojlovic, 1993;
Large et aI., 2001a,b; Pau1ick et aI., 2001;
Sharpe and Gemmell, 2001).
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For instance, Urabe and Scot! (1983) de-
scribed the mineralogical zonation of the
South Bay massive sulphide deposit, north-
western Ontario, Canada. Hydrothermally
altered rocks proximal to the massive sul-
phides were found to contain substantial
amounts of finely intergrown paragonite and
muscovite, whereas altered samples col-
lected distal to mineralisation were charac-
terised by the presence of albitised plagio-
clase and phengitic muscovite. In contrast to
the findings of the present study, Urabe and
Scot! (1983) suggested that alteration pro-
ceeded under equilibrium conditions. Based
on this assumption, it was demonstrated that
the mineralogical zonation at South Bay
may simply result from neutralisation of the
hydrothermal fluids in the outer alteration
halo, whereas spatial and temporal varia-
tions in the alkali element activities were
considered to be only of minor importance.
Marquis et al. (1990) carried out a similar
study at the Dumagami mine, Quebec, Can-
ada. The zonation of the alteration halo was
found to be defined by an outer zone of
phyllic alteration and an inner andalusite
zone. The most obvious mineralogical
changes from least altered to altered rocks
included the replacement of albite pheno-
crysts by coexisting muscovite and parago-
nite and the local occurrence of margarite in
garnet-bearing rocks of the outer phyllic
alteration zone. Marquis et al. (1990) sug-
gested that muscovite formed by the com-
bined effects of hydrogen and potassium
metasomatism, whereas incomplete Na re-
moval resulted in the replacement of albite
by paragonite implying that only a single
fluid pass was involved in the alteration. A
similar conclusion has been drawn by Mac-
Lean and Hoy (1991) from the study of the
alteration halo of the Home mine, Quebec,
Canada. Primary p1agioclase phenocrysts
contained in phyllic-altered rocks where
found to be replaced by muscovite having
elevated Na contents. These anomalous Na
contents were also interpreted to be related
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to the incomplete removal of Na during hy-
drothermal alteration.
Numerical modelling was carried out by
Schardt et al. (200 I) to constrain the mecha-
nisms resulting in the zonation of the foot-
wall alteration halo of the Hellyer deposit,
western Tasmania, Australia. The zonation
of the alteration pipe of this deposit is de-
fined by an inner silicic alteration zone con-
sisting of quartz-pyrite with minor white
mica and chlorite, passing outwards to a
chlorite-dominated zone, and a white mica-
dominated zone. This outermost phyllic al-
teration zone grades into unaltered footwall
andesite containing abundant plagioclase.
Whole rock Na20 contents increase from the
inner silicic alteration halo to the least al-
tered rocks, whereas the K20 contents in-
crease with increasing alteration intensity
(Gemmell and Large, 1992; Gemmell and
Fulton, 200 I). ThelIDodynamic modelling
by Schardt et al. (200I) showed that this
alteration pattern may be related to gradual
changes in the composition of the fluid per-
colating outward from the upflow zones into
the surrounding regions. Alteration in the
core of the system was envisaged to proceed
at high fluid/rock ratios and elevated tem-
peratures, whereas wall rock alteration in
the periphery of the upflow zones is envis-
aged to have occurred at significantly lower
temperatures and fluid/rock ratios. Schardt
et al. (2001) suggested that the footwall al-
teration zonation at Hellyer may, therefore,
have developed in response to a single pass
of hydrothermal fluids. This finding is in
agreement with the fact that rocks collected
from the periphery of the alteration pipe
lack Na-rich alteration minerals such as
paragonite.
The model proposed to explain the alteration
zonation at Waterloo differs from those of
Urabe and Scott (1983), Marquis et al.
(1990), MacLean and Hoy (1991), and
Schardt et al. (200 I) because it is demon-
strated that the K-rich and Na-rich alteration
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products are not paragenetic at Waterloo
(Chapter 10). Tbis observation provides
evidence for the involvement of two chemi-
cally distinct fluids in the development of
the zonation of the alteration halo envelop-
ping the massive sulphides of the Waterloo
VHMS deposit. Potassium metasomatism is
linked to the mineralising hydrothermal
fluids, whereas sodium metasomatism is
interpreted to be related to the entrainment
of seawater into the hydrothermal alteration
halo, which was presumably most pro-
nounced at the waning stage of the by-
drothermal activities.
11.3.6 Discrimination between hy-
drothermal and regional alteration
The study of textural, mineralogical, and
chemical changes of volcanic rocks in re-
sponse to hydrothermal alteration is not only
interesting from the scientific point of view,
but also has significant impacts to base
metal exploration. Because hydrothermal
alteration halos enveloping base metal de-
posits are typically much larger in size than
associated ore bodies, tbey can be used as
indicators of proximity to ore. However,
complications in the target generation using
alteration criteria may arise from the fact
that hydrothermal alteration may sometimes
be difficult to distinguish from regional al-
teration that is not related to the formation
of base metal deposits. Therefore, reliable
criteria have to be developed that allow a
rapid discrimination between hydrothermal
and regional alteration in drill core or in
areas of limited exposure, especially in the
case of fine-grained volcanic rocks lacking
visible amounts of sulphides.
The study of the least altered volcanic rocks
of the Waterloo sequence showed that sub-
stantial modification of the primary miner-
alogy may occur in response to regional
alteration. Regional alteration is interpreted
to be a result of the combined effects of de-
vitrification, hydration, burial diagenesis,
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seawater interaction, regional metamor-
phism, and deformation (Chapter 6). Re-
gional alteration can be typically distin-
guished from hydrothermal alteration using
a set of relatively simple criteria applicable
during core logging or alteration mapping.
Textural and mineralogical criteria applied
during core logging included the increased
abundance of pyrite or hematite in zones of
hydrothermal alteration, the typically white
mica-rich nature of the hydrothermal altera-
tion mineral associations, the feldspar-
destructive style of hydrothermal alteration,
and the intense fabric development in the
hydrothermal alteration halo (Chapters 4
and 8).
However, identification of hydrothermal
alteration in the outer alteration halo is
complicated by the fact that weakly altered
rocks are typified by propylitic mineral as-
sociations that are texturally and miner-
alogically similar to regionally altered rocks
sampled from outside the alteration halo
(Chapters 6 and 8). Thus, weak hydrother-
mal alteration occurring distal to minerali-
sation can be easily overlooked during early
stages of exploration.
The explanation for the apparent lack of a
clear difference between regional alteration
and weak hydrothermal alteration in the
outer alteration halo lies in the similarity of
the processes involved. Both types of al-
teration are likely to have occurred in a
rock-dominated alteration regime with sea-
water being the dominant fluid. It is also
important to note that weakly altered rocks
from the outer alteration halo record the
overlap of more than one alteration process
because any relicts of the primary mineral-
ogy surviving hydrothermal alteration were
ultimately convelted to secondaJY minerals
during regional alteration. In contrast, the
effects of regional alteration on the products
of hydrothermal alteration was probably
only minor because maximum temperatures
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reached were similar to those of hydrother-
mal alteration (Chapter 10).
The present study demonstrates that cJYstal
chemical variations in individual minerals
may provide more sensitive indicators re-
cording the interaction of volcanic rocks
with mineralising hydrothermal fluids than
bulk chemical analyses or textural criteria
applicable in the study of hand specimens.
In particular, the composition of the white
mica was found to vaJY as function of al-
teration type: phengitic muscovite occurs in
the hydrothermally altered rocks from the
outer alteration halo, whereas phengite is the
only white mica species in regionally altered
rocks (Chapter 10). A similar systematic
variation in the composition of the white
mica has been reported from the Que River
deposit in the Mount Read Volcanics, Tas-
mania, Australia (Offler and Whitford,
1992).
11.4 Role of magmatic volatiles
The alteration halo study showed that mus-
covite and quartz formed the thermody-
namically stable alteration mineral associa-
tion in the upflow zones of the hydrothermal
fluids implying that the mineralising fluids
forming the Waterloo VHMS deposit were
moderately acidic (Hemley and Jones, 1964;
Mammo, 1989; Sverjensky et aI., 1991).
The observed sulphidisation of the volcanic
host rocks of the deposit suggests that al-
teration proceeded in a relatively reducing
environment (Giggenbach, 1992). There-
fore, the Waterloo deposit can be classified
as a low sulphidation massive sulphide de-
posit (Sillitoe et aI., 1996).
As previously discussed in detail (Chapter
I), the origin of the hydrothermal fluids in
low sulphidation massive sulphide deposits
is under debate because the available evi-
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dence can be equally explained by two con-
trasting hypothesis: (I) low sulphidation
massive sulphide deposits may form due to
partial removal of metals from the volcanic
host rock succession by evolved seawater
convecting above magmatic intrusions or
shallow magma chambers and (2) low sul-
phidation massive sulphide deposits are
formed by magmatic-derived fluids that
experienced prolonged interaction with the
volcanic rocks and mixing with seawater
entrained into the hydrothermal system.
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Figure 11-6: Relative CO2, N2, He, and Ar con-
tents in hydrothermal fluid discharging from
modern seafloor hydrothemlal vents. Fields for
subaerial geothennal and magmatic-hydrothermal
systems with basaltic and andesitic rnagmatism
are shown for reference. The data define a mixing
trend between seawater (SW) and a magmatic
endmember (BV~ basaltic volatiles, AV~ ande-
sitic volatiles). Back-arc vents from the Okinawa
Trough plot into the andesitic field whereas vents
from the Juan de Fuca Ridge and the Suiyo
Seamount in the lzu-Bonin arc plot into the ba-
saltic field (modified from de Ronde, 1995).
The study of high temperature discharges on
active subaerial volcanoes revealed that the
relative volatile contents depend on magma
type (Giggenbach and Le Guern, 1976; Gig-
genbach, 1992, 1995). In particular, the
contents of gases such as N2, He, Ar, and
CO2 in volcanic vapours sampled from
subaerial volcanoes could be accounted for
by mixing between local ground waters and
relatively uniform endmembers referred to
as 'andesitic vapour' and 'basaltic vapour',
respectively. The former mixing trend was
observed for vapour samples from volca-
noes in subduction-related settings such as
those of the Taupo Volcanic Zone (Figure
Irrespective of the exact mode of metal up-
take into hydrothermal fluids forming low
sulphidation massive sulphide deposits,
there is growing evidence that the mineral-
ising fluids in these systems contain mag-
matic-derived volatiles. These volatiles may
be directly supplied to the mineralising flu-
ids by a degassing magma. Alternatively,
magmatic volatiles can also be trapped dur-
ing solidification of the magma down to
temperatures of brittle deformation where
seawater starts to percolate into the cooling
and fractured rock (Giggenbach, 1992). The
uptake of magmatic-derived volatiles by the
hydrothermal fluids is important from the
genetic point of view because the volatile
chemistry may influence the mineralisation
potential of the hydrothermal fluids
(Giggenbach, 1981, 1992).
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11-2), whereas the latter trend was estab-
lished on the basis of mid-ocean ridge and
hot spot related systems.
It has been demonstrated by de Ronde
(1995) that the relative abundance of vola-
tiles in hydrothermal fluids venting at the
modem seafloor is consistent with mixing of
seawater with the magmatic endmembers
defined by Giggenbach (1992). For instance,
the volatile composition of Okinawa back-
arc vents (Figure 11-3) was found to closely
resemble that from volcanic fumaroles and
geothermal systems associated with ande-
sitic volcanism on land, whereas the compo-
sition of vents of the Isu Bonin Arc and the
southern Juan de Fuca Ridge corresponds to
hydrothermal systems related to basaltic
magmatism (Figure 11-6).
Figure 11-6 shows that seawater dilution is
important in submarine hydrothermal sys-
tems and that the associated magma type
can be distinguished from the gas composi-
tion. However, the most important point is
that submarine and subaerial hydrothermal
discharges have a common signature de-
rived from a magmatic volatile endmember.
Based on these observations on modem hy-
drothelmal systems in a comparable plate
tectonic setting, it appears possible that the
mineralising fluids forming the Waterloo
VHMS deposit also contained some mag-
matic-derived volatiles. This assumption is
substantiated by the fact that the massive
sulphides at Waterloo formed in close tem-
poral and spatial association with silicic
magmatic activities culminating in the for-
mation of the dacitic cryptodome. The si-
licic magmatism at depth may have pro-
vided the heat to drive a hydrothermal sys-
tem and may also have contributed chemical
components to the mineralising fluids. The
Waterloo deposit is interpreted to have been
located in a relatively distal position to the
magmatic source of volcanism because in-
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trusive rocks of appropriate composition are
not exposed in the study area.
The alteration mineralogy at Waterloo is
consistent with a (strongly diluted) mag-
matic-volatile contribution to the mineralis-
ing fluids. In particular, it has been found
that the alteration of the volcanic host rock
can be primarily linked to hydrogen meta-
somatism and, hence, to the acidity of the
hydrothermal fluids. In high temperature
discharges on active subaerial volcanoes,
HCl is the most important acidity control-
ling species (Giggenbach, 1992). Therefore,
some magmatic-derived HCl may have
contributed to the acidity of the mineralising
fluids at Waterloo if neutralisation of this
strong acid was prevented during transport
from the magmatic source to the site of min-
eral deposition (Giggenbach, 1992). CO2
may have been an additional important
component contributing to the acidic nature
of the hydrothermal fluids because this
volatile species is abundantly present in dis-
charges of subaerial volcanoes and hy-
drothermal fluids venting at the modern sea-
floor (Giggenbach and Le Guern, 1976;
Giggenbach, 1987, 1995; Ishibashi et aI.,
1994, 1995; Tsunogai et aI., 1994; de
Ronde, 1995; Ishibashi and Drabe, 1995;
Charlou et aI., 1996, 2000; Von Damm et
aI., 1997; Botz et aI., 1999; Giggenbach et
aI., 2001).
12 SYNTHESIS: GENETIC MODEL FOR THE FORMATION
OF THE WATERLOO VHMS DEPOSIT
The polymetallic Waterloo VHMS deposit
represents a small, but high-grade base
metal resource of 243,500 tonnes ore grad-
ing 3.8 % Cu, 13.8 % Zn, 3.0 % Pb, 74 g/t
Ag, and 1.2 g/t Au. The deposit is hosted by
volcanic rocks belonging to the Seventy
Mile Range Group that forms a major relic
of Cambro-Ordovician back-arc basin vol-
canism at the northern end of the Tasman
Fold Belt System.
The development of the back-arc basin at
the eastern margin of the Australian conti-
nent was initiated in response to the sub-
duction of oceanic crust in the Early Cam-
brian. Initial subsidence of the attenuated
Precambrian continental lithosphere was
accompanied by the rapid deposition of the
Puddler Creek Formation, a thick (maxi-
mum stratigraphic thickness of 9,000 m)
largely continent-derived volcanic and
sedimentary package containing a small
volume of basalt and andesite. An increase
of the thermal gradient was responsible for
the subsequent formation of voluminous
crustal melts that erupted as the Mount
Windsor Formation rhyolites and dacites
(maximum stratigraphic thickness of 3,500
m). Volcanism during the following stage of
back-arc basin development was produced
by melting of variably modified mantle
sources. The mantle-derived volcanism per-
sisted for a relatively long period of time
and resulted in the deposition of the Trooper
Creek Formation, a thick sequence (maxi-
mum stratigraphic thickness of 4,000 m) of
compositionally and texturally diverse vol-
caniclastic lithofacies that are intercalated
with coherent volcanic units and non-
volcanic sedimentary facies. Ceasing of the
volcanic activities during the Lower Ordo-
vlclan was accompanied by the deposition
of the Rollston Range Formation that repre-
sents a sequence of volcanic-derived sand-
stone and mudstone (maximum stratigraphic
thickness of 1,000 m).
The formation of VHMS deposits was re-
stricted to the Ordovician (-470 to 475 Ma)
period of mantle-derived volcanism result-
ing in the deposition of the Trooper Creek
Formation. This stratigraphic control on
mineralisation suggests that base metal de-
posits only formed at a specific time of the
magmatic evolution of the back-arc basin.
Moreover, the VHMS deposits of the district
occur only in three stratigraphic intervals of
the Trooper Creek Formation. The oldest
known deposits are located at the contact
between ti,e Mount Windsor Formation and
the overlying Trooper Creek Formation
(Thalanga-West 45 horizon). The central
unit of the Trooper Creek Formation (Wa-
terloo horizon) is an additional host to min-
eralisation. The youngest mineralisation of
the district occurs in the upper unit of the
Trooper Creek Formation close to the con-
tact to the Rollston Range Formation
(Liontown-Highway/Reward horizon). The
deposits in the central and upper units of the
Trooper Creek Formation appear to be lo-
cated in the hanging wall of major graben
margin faults indicating that mineralisation
was bound to specific extensional intrabasi-
nal scale settings.
The marine palaeogeographic setting of vol-
canism is interpreted to have varied spatially
and temporally during deposition of the
Trooper Creek Formation and the formation
of the massive sulphide deposits. The ma-
rine environment was possibly characterised
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by scattered shallow-water areas and islands
surrounded by relatively deep sea. The Wa-
terloo area itself represented a depocenter at
the time of massive sulphide formation that
was probably located in a relatively deep
marine environment. Sedimentation in the
Waterloo area was controlled by derivation
of volcanic debris from surrounding topo-
graphically higher areas and downslope dis-
tribution by gravity-driven subaqueous mass
flows.
The Waterloo area was initially dominated
by andesitic volcanism as recorded by the
non-explosive near-vent andesitic facies
association occurring in the stratigraphic
footwall of the deposit. The andesite-
dominated facies association comprises co-
herent volcanic units and less abundant in
situ hyaloclastite. The andesite is interpreted
to have formed shallow sub-seafloor intru-
sions and lavas venting at the ancient sea-
floor. In total, a considerable volume oflava
(>0.04 km3 constrained by drilling) accu-
mulated before the andesitic volcanism
ceased (Figure l2-la).
The onset of hydrothermal activities in the
Waterloo area occurred either after cessation
of the andesitic volcanism or at the waning
stage of the volcanic activities as evidenced
by the absence of unaltered andesitic em-
placement units in the immediate footwall to
the massive sulphides. The blanket-like
mineralisation probably fonned at the sea-
floor by exhalative processes. The massive
sulphide accumulations were principally
composed of pyrite, sphalerite, and chal-
copyrite, minor galena and tennantite, and
contained traces of altaite, bomite,
calaverite, cassiterite, electrum, hessite, and
petzite (Figure 12-1 b).
The massive sulphide precipitation was lo-
cated above a zone of poorly focused dis-
charge because fluid flow through the lava-
dominated footwall succession was largely
diffuse and initially controlled by small fis-
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sures and fractures in the host rocks, con-
tacts between individual andesitic emplace-
ment units, or local brecciated intervals.
However, the permeability of the footwall
volcanic rocks was modified trough time as
a result of the interaction of the volcanic
rocks with the aggressive mineralising hy-
drothermal fluids.
The hydrothermal alteration resulted in sub-
stantial textural, mineralogical, and geo-
chemical modifications of the volcanic
rocks in the footwall of the Waterloo deposit
involving complex reactions of the fluids
with the glassy or (partly) crystalline
groundmass as well as with the phenocrysts
contained in the volcanic rocks. The quan-
titatively most important changes in the up-
flow zones of the aggressive hydrothermal
fluids were related to the conversion of pri-
mary igneous plagioclase to secondary mus-
covite and quartz by the combined effects of
hydrogen and potassium metasomatism. The
alteration of the volcanic rocks in the up-
flow zones of the hydrothermal fluids was,
therefore, principally linked to the acidity of
the mineralising hydrothermal fluids. Acid
alteration in the upflow zones was accom-
panied by silicification because the hy-
drothermal fluids cooled during their ascent
to the seafloor. Thus, alteration in the up-
flow zones resulted in the development of
the silicic alteration facies (Figure 12-1 b).
Outward percolation of hydrothermal fluids
into the volcanic rocks surrounding the ma-
jor upflow zones caused the development of
the phyllic alteration facies that envelops the
silicic core. Percolation of the hydrothermal
fluids into the outer alteration halo was ac-
companied by neutralisation of the acids,
Figure 12-1: Schematic reconstruction of the evolu-
tion of the Waterloo sequence and the hydrothennal
system resulting in the fonnation of the massive
sulphide deposit.
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(g) Fonnation of a non-explosive, near-vent
basaltic to andesitic facies association
cooling of the hydrothermal fluids, and
mixing with seawater percolating into the
zones surrounding the thermal upflow. In
particular rapid neutralisation of the strong
acids must have occurred because chlorite
represents a major alteration product in
phyllic-altered rocks. Moreover, the reactiv-
ity of C02 with respect to hydrogen meta-
somatism increased with increasing distance
to the major upflow zones as evidenced by
the replacement of primary plagioclase by
calcite and the occurrence of REE carbon-
ates in the outer alteration halo (Figure 12-
Ib). The high H2S content of the hydrother-
mal fluids caused a sulphidisation of the
volcanic host rocks by converting primary
ilmenite and titanomagnetite to secondary
pyrite and rutile. Moreover, divalent iron
contained in rock-forming silicates and the
volcanic glass matrix was redistributed into
secondary sulphides.
Mineralogical changes in the alteration halo
were not only related to the upflow and
outward percolation of aggressive hy-
drothermal fluids, but also resulted from
seawater penetrating downwards into the
zones surrounding the thermal upflow. The
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1 lava flow
2 ill situ hyaloclastite
3 settling of fine volcanic detritus
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involvement of seawater in the wall rock
alteration caused the conversion of primary
plagioclase to albite and resulted in the pre-
cipitation of Na-rich micas (paragonite and
intermediate Na/K mica) at the expense of
previously formed hydrothermal K-rich mi-
cas (muscovite and phengitic muscovite).
The entrainment of seawater was, therefore,
responsible for the pronounced Na metaso-
matism affecting the volcanic rocks of the
outer alteration halo and played an impor-
tant role in the development of the pro-
nounced mineralogical and geochemical
zonation of the alteration halo (Figure 12-
Ib).
Precipitation of massive sulphides at the
seafloor did not occur for a prolonged pe-
riod of time because the mineralisation was
buried by a mass flow-derived coarse vol-
caniclastic sediment. The coarse quartz-
feldspar crystal-rich sandstone and breccia
fades records broadly contemporaneous
dacitic to rhyolitic vo1canism outside the
study area (Figure 12-lc).
Volcanism within the study area also shifted
to a dacitic composition as evidenced by the
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emplacement of a feldspar-porphyritic
dacitic cryptodome into the still wet and
unconsolidated coarse quartz-feldspar crys-
tal-rich sandstone and breccia overlying the
massive sulphides. The dacitic lava locally
breached the sediment and emerged at the
ancient seafloor. The emerging parts of the
dacitic cryptodome were quench fragmented
in contact with the ambient cold seawater
and fragments of the quenched dacite were
transported down slope and incorporated
into the surrounding coarse sediments. Col-
lapse and local reworking of jointed and/or
quench fragmented dacite also resulted in
the formation of talus breccia proximal to
the related coherent facies. The cryptodome
had a diameter of more than 200 m and was
at least 50 m thick (Figure 12-ld).
The hydrothermal system continued to oper-
ate after mass flow deposition of the coarse
quartz-feldspar crystal-rich sandstone and
breccia and the emplacement of the partly
emergent cryptodome as indicated by the
hydrothermal alteration of the volcanic
rocks in the hanging wall of the massive
sulphides. However, intense alteration ex-
tends only several metres into the hanging
wall and fades in intensity with increasing
distance to ore indicating that burial of the
massive sulphides broadly coincided with
the waning stage of the hydrothermal activi-
ties (Figure 12-ld).
Burial of the massive sulphides was accom-
panied by a change in the style of minerali-
sation because processes of replacement and
infilling became important. Replacement
and infiltration of the coarse volcaniclastic
sediment by impregnation ore was common
and tongues of massive sulphides were lo-
cally formed by replacement of the perme-
able rock. Sub-seafloor cooling of the as-
cending hydrothetmal fluids by mixing with
seawater entrained into the unconsolidated
sediment resulted in the precipitation of sec-
ondary minerals within the pore space and
also caused the extensive replacement of
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primary volcaniclastic components. Hanging
wall alteration was accompanied by the
formation of a wide range of alteration
products (e.g., ankerite, barite, celestine,
dolomite, fluorite, hematite, and kaolinite)
that are typically not present in the upflow
zones of the hydrothermal fluids in the
footwall of the deposit (Figure 12-c,d).
The hydrothermal activities and the dacitic
volcanism in the Waterloo area were fol-
lowed by a prolonged period of relatively
quite sedimentation resulting in the forma-
tion of a thick package consisting of fine
volcaniclastic material. The occurrence of
syn-sedimentary basaltic to andesitic sills in
the hanging wall position documents that
volcanism within the Waterloo area shifted
back to more basic compositions (Figure 12-
Ie). The period of relatively quite sedimen-
tation was followed by the mass flow depo-
sition of the coarse feldspar-quartz sand-
stone and breccia facies. The deposition of
this coarse volcaniclastic facies records
broadly contemporaneous, probably explo-
sive, felsic volcanic activities taking place
outside the study area (Figure 12-11).
The upper part of the hanging wall sequence
records the onset of a second period of in-
tense non-explosive, near-vent basaltic to
andesiIic volcanism in the Waterloo area. As
in the case of the footwall proximal facies, a
relatively large volume (>0.03 km3 con-
strained by drilling) of basic to intermediate
lavas was accumulated in a relatively short
period of time. However, the observed inter-
calations of thin layers of mudstone and fine
sandstone indicate that background sedi-
mentation occurred (Figure 12-lg).
After deposition of the Waterloo sequence,
the volcanic rocks were subject to regional
alteration that was caused by the combined
effects of devitrification, hydration, burial
diagenesis, seawater interaction, regional
metamorphism of the lower greenschist fa-
cies, and deformation. A regional deforma-
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tion event in the Mid- to Late Ordovician
tilted the volcanic rocks into a subvertical
position. This folding event also resulted in
the development of an axial plane cleavage
that is particularly well developed in a high
strain zone surrounding the massive sul-
phides. The spatial relationship between the
folded bedding plane and the axial plane
cleavage as well as the south facing of the
bedding of volcaniclastic sediments indicate
that the Waterloo sequence is located at the
southern limb of a major east-west trending
antiform. This antiform has a shallow
plunge to the west. The volcanic rocks
hosting the massive sulphides were affected
by two subsequent faulting events. Early
steeply dipping ENE striking faults inter-
preted to be SilUlian or Devonian were ac-
companied by significant dip-slip normal
movement, whereas younger strike-slip
faults have no affect to the geometry of the
Waterloo sequence.
The results of the present study suggest that
the relationships between massive sulphide
formation and volcanism can be constrained
by integrating volcanological studies on the
host rock sequence with mineralogical and
geochemical investigations of the hy-
drothermally altered rocks. The reconstruc-
tion of the volcanological evolution has
shown that the massive sulphide formation
coincided with a relatively short period of
felsic volcanism recorded by the deposition
of the coarse quartz-feldspar crystal-rich
sandstone and breccia facies and the em-
placement of the partially emergent dacite
cryptodome in the immediate hanging wall
of the massive sulphides. The felsic volcan-
ism at the ancient seafloor was associated
with magmatic activities at depth that is
suggested to have played an important role
in the mineralising process by providing
heat to drive the hydrothermal system and
by possibly contributing chemical compo-
nents to the mineralising fluids. In particu-
lar, the hydrothermal fluids may have con-
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tained acidity controlling species of mag-
matic origin.
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Appendix A. Drill core logs A-S
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Appendix A. Drill core logs A-6
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Appendix A. Drill core logs A-10
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Appendix C. Sample catalogue C-l
Sample
(drill hole, meters)
WT2-I03
(WT2,103.90-104.50)
WT2-1I7
(WT2, 117.50-118.15)
WT2-131
(WT2,131.60-132.20)
WT2-150
(WT2, 150.40-151.00)
WT2-164
(WT2, 164.00-164.50)
WT2-176
(WT2,176.50-177.10)
WT2-193
(WT2,192.80-193.20)
WT2~21O
(WT2,21O.40-211.00)
WT2-227
(WT2, 227.60-228.10)
W1'2-239
(WT2,239.80-240.30)
WT2-265
(WT2,265.50-266.30)
WT2-280
(WT2,280.75-281.45)
WT2-294
(WT2,294.75-295.35)
WTl-JIS
(WT2.315.90-316.40)
WT2-323
(WT2,323.30-323.90)
WT2-338
(WT2,338.05-338.60)
WT2-345
(WT2,345.45-346.35)
WT2-3S3
(WT2,353.40-354.10)
WTl-360
(WT2,360.40-361.50)
Petrographic description
Basalt. Very weakly px porphyritic. Highly amygdaloidal (qtz+chl+carb and ehl+qtz filled). Regional alterotion:
px phenoerysts entirely replaced, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths
with chi, ep, qtz, and carbo Spotted ep and disseminated py. Qtz and qtz+carb+hem veinlets.
Basalt. Very weakly px porphyrittc. Highly amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional alteration:
px phenocrysts entirely replaced, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths
with chi, ep, qtz, and carbo Spotted ep and disseminated py. Qtz+ep and qtz+carb+hem veinlets.
Basalt. Very weakly px porphyritic. Highly amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional alteration:
px phenocrysts entirely replaced, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths
with chi, ep, qtz, and carbo Disseminated py. Ep+qtz and qtz+carb veinlets.
Basalt. Weakly fdsp porphyritie. Moderately amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional altera-
tion: fdsp phenocrysts are albitised, pervasive groulldmass alteration resulted in a fine intergrowth of fdsp laths
with ep, chi, qlz, and carbo Spotted ep and disseminated py. Ep+qtz veinlets.
Basalt. Very weakly px porphyritic. Moderately amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional al-
teration: px phenocrysts entirely replaced, pervasive groundmass altemtion resuUed in a fine intergrowth of fdsp
laths with chi, ep, qtz, and carbo SpOiled ep and disseminated py. Ep+qlZ veinlets.
Andesite. Very weakly fdsp porphyritic. Sparsely amygdaloidal (qtz+chl+carb und chl+qtz filled). Regional al-
teration: fdsp phenocrysts arc albitised, domains ofchl+qtz+carb and white mica+chl+qtz groundmass alteration.
Disseminated py. Carb+qlz+ep+qtz veinlets.
Mudstone. Greenish grey and dark greenish grey. Laminated to very thinly bedded. Individual beds: unequal
thickness and laterally discontinuous. Detrital qtz and fdsp. Less detrital ap. No diagenetic py. Regional altera-
tion: fdsp grains arc albitised, fine grained matrix of qtz and white mica with minor chi and carbo Weakly devel-
oped cleavage. Qtz and curb veinlets crosscut foliation.
Basalt. Very weakly px porphyritic. Moderately amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional al-
teration: px phenocrysts entirely replaced, pervasive ground mass alteration resulted in a fine intergrowth of fdsp
lalllS with ep, chI, qtz, and carbo Spotted cp. Carb+qtz veinlets.
Basalt. Very weakly px porphyritic. Sparsely amygdaloidal (qtz+chl+earb and chl+qtz filled). Regional altera-
tion: px phenocrysts entirely replaced, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths wilh chi, ep, qtz, and carbo Carb+qtz and ep+qtz veinlels.
Mudstone. Greenish grey. dark greenish grey, and greenish black. Massive. Rare detrital qlz and rare fdsp. Less
detrital ap. Patchy induration of qtz, ep, and carb. Diagenetic py. Regional aheration: fdsp grains are albitised,
fine grained matrix of qtz and white mica with minor chi and carbo Weakly to well developed cleavage. Carb
veinlets crosscut foliation.
Mudstone. Greenish black. Laminated. Individual beds: unequal thickness and laterally discontinuous. Phyllitic.
Detrital qtz and rare fdsp, Less delrilal up. Diagenetic py. Regional alteration: fdsp grains are albitised, fine
grained matrix of qtz and white mica with chi and rare carbo Intensely developed cleavage. Carb vein\ets cross-
cut loliation.
Mudstone. Dark greenish grey. Lamin:l.lcd. Individual beds: unequal thickness and laterally continuous. PhylU-
tic. Detrital qtz and abundant detrilal fdsp. Less detrital ap. Diagenetic py. Regional alteration: fdsp grains are
albitised, fine grained matrix of qtz and white mica with chi and carbo Inlensely developed cleavage. Carb vein-
lets crosscut foliation.
Mudstone. Dark greenish grey. Laminated to thinly bedded. Individual beds: unequal thickness and laterally
continuous, normal graded. Detrital qtz and very rare fdsp. Less delrital ap. Diagenetic py. Regional alteration:
fdsp grains are albitised, fine grained matrix of qtz and while mica with rare chi and carbo Carb+qtz and carb
veinlets crosscul folialion.
Coarse feldspar-quartz sandstone-breccia. Abundant fdsp (abundance: 40%, size: 1~2 mm) and quartz (abun-
dance: 10%, size: < 1 mm) crystals, rare lithic fragments (abundance: < I%, size: < 2 mm). Phyllitic matrix. Di-
agenetic py. Regional alteration: fdsp and lithic fragments arc preserved, fdsp is albitised, fine grained matrix of
white mica, chi, qtz, and earb. Spotted ep and minor lcx. Carb veinlets.
Andesite. Aphyric. Non amygdaloidal. Regional alteration: pervasive groundmass alteration resulted in a fine
intergrowth of fdsp laths with chi, qtz, and carbo Carb+qtz veinlets.
Mudstone. Greenish black. Massive. Phyllilic. Detrital qtz and fdsp. Less detrital ap. Diagenetie py frequently
enveloped by carb halos. Small face-centred qtz strain fringes on py. Regional alteration: fdsp grains are albi-
lised, fine grained matrix of qtz, white mica, chI, and minor carbo Very intensely developed cleavage. Carb
veinlets crosscut foliation.
Fine sandstone. Greenish grey. Laminated. Individual beds: unequal thickness and laterally continuous, normal
gmded. Detrital qtz and fdsp. Less detrital ap. No diagenetic py. Regional alteration: fdsp grains are albitised,
fine grained matrix ofqtz und white mica with rare chi and carbo Carb vein lets crosscut foliation.
Coarse quartz-feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 30%, size: 1-4 mm) and fdsp
(abundance: 50%, size: 1-3 mm) crystals, rare lithic fragments (abundance: 1%, size: < 2 mm). Phyllitic matrix.
Hydrothermal alleralion (propylitic): fdsp and lithic fragments partially replaced by white mica, qtz, and carb,
fdsp is albitised, fine grained matrix of white mica, chI, qtz, and carbo Patchy and spotted ep, spotted hem, nnd
minor Icx. Weakly developed cleavage. Qtz and qtz+carb veinlets.
Daeite. Moderately fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (phyllic): fdsp phcnocrysts
partially replaced by white mica, qtz, and carb, pervasive ground mass alteration resulted in a fine inlergrowth of
fdsp laths with white mica, chi, qtz, and carbo Poorly developed cleavage. Carb veinlets.
Notes: Ap =: apatite, carb =: carbonate, chi = chlorite, ep '" epidote, fdsp = feldspar, gn '" galena, hem = hematite, kin =kaolinile, lex =lex, pr!
'" pyrophyllite, py = pyrite, px = pyroxene, qtz '" quartz, sp '" sphalerite, zrn =: zircon.
Appendix C. Sample catalogue C-2
Sample
(drill hole, meters)
WT2-386
(WT2,386,00-387,85)
WT2-402
(WT2,402.30-403,05)
WT2-42t
(WT2,421.80-422,70)
WT2-440
(WT2, 440.00-441.00)
WT2-46t
(WT2, 461 ,80-462,80)
WTS-lIB
(WT5,118.60-119.10)
WTS-129
(WT5,129.10-129.40)
WT5·136
(WT5, 136,00-137,00)
WTS-148
(WT5.148.30-148,70)
WTS-IS6
(WT5,156.20-157,00)
WTS-158
(WT5,15850-158,86)
WTS-163
(WT5.163,75-164.30)
WTS-I?I
(WT5,171.60-J72.00)
WTS-t86
(WT5, 186.60-187.00)
WTS-213
(WT5,213,00-213,50)
WTS-223
(WT5,223.70-224.20)
WTS-Ht
(WTS, 231.30-231.70)
WT6-109
(WT6, 109.80-110.80)
WT6-135
(WT6,135.30-136,30)
WT6-1S3
(WT6,153.35-154.35)
WT6-167
(WT6,167,60-168,60)
WT6-180
(WT6, 180.20-18 L20)
WT7-92
(WT7,92.50-92.80)
WT7·I08
(WT7.108,60-109,60)
Petrographic description
Intensely altered rock. Hydrothennal alteration (silicic): texturally destructive alteration resulted in a fine inler-
growth ofqtz and while mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of while mica, chi, and qtz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (silicic): texturally destructive alteration resulted in a fine inler-
growth of qtz alld white mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (silicic): texturally destructive alteration resulted in a fine inter-
growth of qtz :"Ind white mica. Disseminated py. Intensely developed cleavage.
Intensely allered rock. Hydrothermal alteration (phyllic): texturally destructive alteralion resulted in a fine inter~
growth of remnant rdsp laths with white mica, chI, and qtz. Disseminated py. Very intensely developed cleav-
age.
Mudstone. Greenish grey. Laminated. Individual beds: unequal thickness and laterally continuous. Phyllitic.
Detrital qtz and fdsp. Less detrital ap. No diagenetic py. Regional alteration: rdsp grains are albitised, fine
grained matrix of qtz, white mica, and chI. Very intensely developed cleavage. Carb veinlets crosscut foliation.
Fine sandstone. Dark greenish grey. Massive. Detrital qtz and fdsp. Less detrital ap. No diagenetic py. Regional
alteration: rdsp grains are albitiscd, fine grained matrix of qtz, white mica, and chi with minor carbo Carb vein-
lets crosscut foliation.
Mudstone. Greenish black. Massive. Detrital qtz :llld fdsp. Less detrital ap. Diagenetic py. Regional alteration:
fdsp grains are albitised, fine grained matrix ofqtz, white mica, and chI with rare carbo Poorly developed cleav-
age. Carb veinlets crosscut foliation.
Fine sandstone. Dark greenish grey. Massive. Rare lithic fragments. Detrital qtz and fdsp. Less detrital ap. Di-
agenetic py. Hydrothermal alteration (propylitie): fdsp grains are albitised, fine grained matrix of qtz, white
mica, [lnd chi with minor carbo Patchy and spotted cp. Carb vein lets crosscut foliation.
Coarse quartz-feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 40%, size: 1-2.5 mm) and rdsp
(abundance: 40%, size: 1-2.5 mm) crystals, rare lithic fragments (abundance: 1%, size: < 2 mm). PhylJitic ma-
trix. Hydrothermal alteration (propylitic): rdsp and lithic fragmenls partially replaced by white mica, qtz, and
carb, fdsp is albitised, fine graincd matrix of white mica, chi, qtz, and carbo Patchy and spOiled ep, spotted hem,
and minor lex. Qtz and qtz+carb+chl veinlets.
Dacite (type D2). Moderately fdsp porphyritic. Non amygdaloida!. Hydrothermal alteration (propylitic): fdsp
phenocrysts partially replaced by white miciJ, qtz, and carb, fdsp is albitised, domains of chl+ep+qlz+carb and
white mic<l+ehl+qtz groundmass alteration. Qtz vein lets.
Coarse quartz-feldspar crystal-rich sandslone-breccia. Abundant qtz (abundance: 40%, size: 1-4 mm) and fdsp
(abundance: 30%, size: 1-3 mm) crystals. Phyllilic matrix. Hydrothermal alteration (propylitic): fdsp is partially
replaced by white mica, qtz, and carb, fdsp is albitised, fine grained matrix of white mica, chi, qtz, and carbo
Patchy ep, spotted hem, and minor lex. Hem+carb veinlets.
Coarse quartz-feldspar crystal-rich sandstone·breccia. Abundant qtz (abundance: 30%, size: 1-4 mm) and fdsp
(abundance: 30%, size; 1-3 mm) crystals. Phyllitic matrix. Hydrothermal alteration (phyllic): fdsp replaced by
white mica, qtz, and carb, fine grained matrix of white mica, chI, qtz, and carbo Spotted hem, minor kIn and Icx.
Well developed cleavage.
Intensely altered rock. Hydrothermal altcration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of white mica, chi, and qtz. Disseminated py. Very intensely developed cleavage.
Andesite. Weakly fdsp porphyritic. Poorly amygdaloidal. Hydrothermal altemtion (phyllie): faint phenocrysts,
remnant fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of rdsp laths with white
mica, chi, qtz, and carbo Disseminated py. Intensely developed cleavage. Veinlets (qtz).
Andesite. Weakly fdsp porphyritic. Moderately to highly amygdaloida!. Hydrothermal alteration (phyllic): faint
phenocrysts, pervasive groundmass alteration resulted in a fine intergrowth of white mica, chI, qtz, and carbo
Disseminated py. Poorly developed cleavage. Qtz+carb veinlets.
Andesite. Weakly fdsp porphyritie. Moderately to highly amygdaloida!. Hydrothermal alteration (phyllie): faint
phenocrysts, pervasive groundmass alteration resulted in a fine intergrowth of white mica, chI, qtz, and c3rb.
Disseminated py and minor cp. Weakly developed cleavage. Qtz+carb veinlets.
Intensely altered rock. Hydrothermal alteration (silicic): texturally destructive alteration resulted in a fine inler-
growth ofqtz and white mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllie): texturally destructive alteration resulted in a fine inter-
growth of white mica, chI, and qtz. Disseminated py and minor earb. Very intensely developed clcavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of remnant fdsp laths with white mica, chi, qtz, :md carbo Disseminated py. Very intensely developed
cleavage.
Andesitc. Very weakly fdsp porphyritie. Poorly amygdilloidil!. Hydrothermal alteration (phyllie): faint pheno-
erysts, remnant rdsp is albitised, pervasive groundmass aUeration resulted in a fine intergrowth of fdsp laths with
white mica, eh I, qtz, and carbo Disseminated py. Weakly developed cleavage.
Andesite. Very weakly fdsp porphyritic. Poorly amygdaloida!. Hydrothermal alteration (phyllic): faint pheno-
erysts, remnant fdsp is albitised, pervasive ground mass alteration resulted in a fine intergrowlh of fdsp laths with
white mica, chi, qtz, and carbo Disseminated py. Poorly developed cleavage.
Intensely altered rock. Hydrothermal alterntion (phyllic): texturally destructive alteration resulted in a fine inter-
growth of remnant fdsp laths with white mica and qtz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal 3lteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of white mica, chi, and qlz. Disseminated py. Very intensely developed cleavage.
Notes: Ap =apatite, carb = carbonate, chi = chlorite, ep =epidote, fdsp = feldspar, gn =galena, hem =hematite, kin = kaolinite, lex =lex, pr!
= pyrophyllite, py =pyrite, px = pyroxene, qtz =quartz, sp '" sphalerite, zrn =zircon.
Appendix C. Sample catalogue C-3
Sample
(drill hole, meters)
W1'7-123
(WT7,123.00-125.40)
W1'7-155
(WT7.155.40-156.90)
W1'7-171
(WT7 t 171.15-171.65)
WT7~200
(WT7, 200.60-201.20)
W1'7-205
(WT7.205.00-205.80)
WT7~208
(WT7,208.90-209,60)
W1'7-213
(WT7.213.50-214.60)
WT8AM I03
(WT8A.103.00-103.20)
WT8A-I72
(WT8A,I72.00-172.20)
WT9A-86
(WT9A.86.30-86.83)
WT9A-IOO
(WT9A,100.25-100.65)
WT9A-I09
(WT9A,109.[0-109.50)
WT9A-126
(WT9A.126.40-126.90)
WT9A-144
(WT9A,144.00-144.50)
WT9A-162
(WT9A,162.80-163.30)
WT9A-t76
(WT9A,176.10-176.60)
WT9A-186
(WT9A,186.35-186.90)
WT9A-198
(WT9A,198.20-199.20)
WT9A-218
(WT9A.218.50.219.50)
WT9A-228
(WT9A,228.20·229.IO)
WT9A-238
(WT9A.238.60-239.15)
Petrographic description
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of white mica and qtz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllie): texturally destructive alteration resulted in a fine inter~
growth of white mica and qtz. Disseminaled py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic-argillk): texturally destructive alteration resulted in a
fine intergrowth of white mica and qtz, fracture-controlled kin and pr!. Disseminated py. Very intensely devel-
oped cleavage.
Coarse quartz-feldspar crystal~rich sandstone-breccia. Abundant qlz (abundance: 40%, size: 1~3 mm) and fdsp
(abundance and size obscured by alteration) crystals. Hydrothermal alteration (phyllic): faint fdsp crystals, fine
grained matrix of white mica, chi, qtz, and carbo Spotted hem and minor lex. Very intensely developed cleavage.
Carb veinlets.
Mudstone. Dark greenish grey. Massive and laminated intervals. Individual beds in laminated intervals: unequal
thickness and laterally contimlous. Detrital qtz and fdsp. Less detrital ap. Diagenetic py. Regionill alteration:
fdsp grains are albilised, fine grained matrix of qtz, chi, and white mica with minor carbo Well developed c1eav·
age. Carb veinlets crosscut foliation.
Fine sandstone. Dark greenish grey. Laminated. Individual beds: unequal thickness and laterally continuous.
Detrital qtz and fdsp. Less detrital ap and zrn. Diagenetic py. Regional alteration: fdsp grains are albitised, fine
grained matrix of qtz and white mica with rare chi and carbo Intensely developed cleavage. Carb+qlz veinlels
crosscut foliation.
Mudstone. Greenish grey. Massive and laminated intervals. Individual beds in laminated intervals: unequal
thickness and InteralJy continuous. Detrital qtz and fdsp. Less detrital ap. Diagenetic py. Regional alteration:
fdsp grains arc albitised, fine grained matrix of qtz, chi, and white mica with carbo Well developed cleavage.
Carb veinlets crosscut foliation.
Resedimented dacitic hyaloclastite. Moderately fdsp porphyritic. Non nmygdaloidal. Regional alteration: fdsp
phenocrysts are albilised, pervasive groundmass alteration resulted in a fine inlergrowth of fdsp laths with white
mica, chi, qtz, and carbo Minor hem nnd lex. earb veinlets.
Resedimenled daeitic hyaloclastite. Moderately fdsp porphyritic. Non amygdaIoidal. Regional alteration: fdsp
phenocrysts are albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths with chi,
qtz, and carbo Minor lex. Carb vcinlets.
Andesite. Moderately fdsp porphyritic. Poorly to moderalely amygdaloidal. Hydrothermal alteration (propylilic):
fdsp phenocrysts largely preserved, fdsp is albitised, domains of chl+ep+qtz+carb and white mica+qtz+py
groundmass alteration. Disseminated py. Qlz+carb vcinlets.
Andesite. Very weakly fdsp porphyrilie. Highly amygdaloidaL Hydrolhermal alteration (propylitic): fdsp pheno-
crysts largely preserved, fdsp is albitiscd, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with chi, ep, qtz, and carbo Disseminated py, Qtz+carb veinlets.
Andesite. Slrongly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp phenocrysts
largely preserved, fdsp is albitised, domains of chl+ep+qtz+carb and white mica+qtz groundmass alteration. Dis-
seminated py. Qtz+carb veinlets.
Andesite. Very weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts partially replaced by white mica, qtz, and carb, fdsp is albitised, pervasive chl+ep+qtz+carb ground mass
alteration. Patchy and spotted ep, disseminated py. Qtz+carb and ep+qlz veinlets.
Andesite. Weakly fdsp porphyritic. Poorly amygdaloidal. Hydrolhermal alteration (propylilic): fdsp phenocrysts
largely preserved, fdsp is albitised, domains of chl+ep+qtz+carb and ep+chl+carb groundmass alteration. Dis-
seminated py. Qtz+carb vein lets.
Andesite. Wcakly fdsp porphyritic. Poorly to moderately amygdaloida!. Hydrothermal alteration (propylitic):
fdsp phenoerysls largely preserved, fdsp is albitised, domains of chl+ep+qtz+carb and ep+chl+carb b'fOundmass
alteration. Disseminated py.
Andesite. Weakly fdsp porphyritie. Moderately amygdaloidal. Hydrothermal alteration (propyJitie): fdsp pheno-
crysts largely prescrved, fdsp is albitised, pervasive grollndmass alteration resulted in a fine intergrowth of fdsp
laths with chi, ep, qtz, and carbo Patchy ep and disseminated py. Qtz+carb veinlets.
Andcsite. Very weakly fdsp porphyritie. Moderately amygdaloidnl. Hydrothermal alterntion (propylitic): fdsp
phcllocrysts partially replaced by white mica, qtz, and carb, fdsp is albitiscd, pervasive groundmass alteration
resulted in a line intergrowth of fdsp laths with chi, white mica, qtz, and carbo Spotted ep and disseminated py.
Poorly developed cleavage. Qtz+carb veinlets.
Andesite. Very strongly fdsp porphyritic. Poorly amygdaloidal. Hydrothermal alteration (phyllie): fdsp pheno-
crysts entirely replaced by white mica, qlz, and carb, pervasive groundmass alteration resultcd in a fine inter-
growth of white mica, chi, qtz, and carbo Disseminated py, Intensely developed cleavage. QI2+carb vein lets.
Intensely altered rock. Hydrothermal altcmtion (silicic): texturally destructive alteration resulted in a fine inter-
growlh ofqtz and white mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alterntion (silicic): texturally destructive alteration resulted in a fine inter-
growlh ofqtz and white mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of while mica, chi, qtz, and carbo Substantial amounts of py, sp, and minor gn. Intensely developed
cleavage.
Notes: Ap =apatile, earb =carbonate, chi =chlorite, ep =epidote, fdsp =feldspar, gn =galena, hem =hematite, kin = kaolinite, lex '" lex, prl
= pyrophyllite, py'" pyrite, px = pyroxcnc, qtz = quartz, sp "" sphalerite, zrn "" zircon.
Appendix C. Sample catalogue C-4
Sample
(drill hole, meters)
WT9A-254
(WT9A, 254.05~255.00)
WT9A-265
(WT9A,265.70-266.20)
WT16-87
(WTI6,87.30-87.80)
WTl6-112
(WTl6, 112.10-112.80)
WTI6-125
(WT16,125.85-126.65)
WTl6-132
(WT16,132.05-132.65)
WTl6·145
(WTI6,145.00-145.80
WTl6-t61
(WTI6, [61.80-162.70
WTI6-170
(WT16,170.70-[71.50
WTI6-186
(WT16, 186.85-187.45
WTl6-195
(WTl6,195.15-195.85
WTl6-Z06
(WT16, 206.70-207.45
WT16-210
(WTI6,210.90-21 1.70
WTJ6-223
(WTI6,223.30-223.80
WTI6-245
(WTI6,245.55-246.25
WTl6-257
(WTI6.257.00-257.90
WT16-276
(WT16,276.00-276.75)
WT16-292
(WT 16, 292.00-292.75)
WTl6-322
(WTI6,322.00-323.00)
WTl6-333
(WTI6,333.50-334.40)
WTl6-338
(WT16,338.20-339.00)
Petrographic description
Coarse quartz-feldspar crystal-rich sandstonc-breccia. Abundant qtz (abundance: 60%, size: 1-4 mm) and fdsp
(abundance: 10%, size: 1-3 mm) crystals, rare lithic fragments (abundance: 1%, size: < 3 mm). Phyllitic matrix.
Hydrothermal alteration (phylIic): fdsp and lithic fragmenls replaced by white mica, qtz, and carb, fine grained
matrix of white mica, chi, qtz, and carbo Spotted hem, minor kin and lex. Very intensely developed cleavage.
Dacite (type D2). Moderately fdsp porphyritic. Non amygdaloida!. Hydrothermal alteration (phyllic): fdsp phe-
nocrysts largely replaced by white mica, qtz, and carb, fdsp is albitised, pervasive groundmass alteration resulted
in a fine intergrowth offdsp laths with white mica, chi, qtz, and carbo Poorly developed cleavage. Carb veinlcts.
Andcsite. Strongly fdsp porphyritic. Highly amygdaloida!. Hydrothermal alteration (propylilic): fdsp pheno-
crysts partially replaced by white mica, qlz, and carb, fdsp is albitised, pervasive groundmass alteration resulted
in a fine intergrowth offdsp laths with chi, ep, qtz, and carbo Patchy and spotted ep, disseminatcd py.
Andesite. Strongly fdsp porphyritic. Highly amygdaloida!. Hydrothermal alteration (propylitic): fdsp phcno.
crysts largely preserved, fdsp is albitised, pervasivc groundmass alteration resulted in a fine intergrowth of fdsp
laths with chI, ep, qlz, and carb, fracture-controlled white mica, qtz, and py. Disseminated py. Qtz and py vein-
lets.
Intensely altered rock. Hydrothcrmal alteration (phyllic): texturally destructive alteration resulted in a fine inter·
growth of white mica, chi, and qlz. Disseminated py. Very intensely developed cleavage.
Andesite. Strongly fdsp porphyritic. Highly amygdaloida\. Hydrothermal alteration (propylitic): fdsp pheno·
erysts largely preserved, fdsp is Illbitised, pervasive groundmass alteration resulted in a fine intergrowth offdsp
laths with chi, ep, qtz, and carbo Patchy and spOiled ep, disseminated py. Qtz+carb and py veinlets.
Andesite. Strongly fdsp porphyritic. Highly amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts lllrgely preserved, fdsp is albilised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with chI, ep, qtz, and carb, fracture-controlled white mica. Disseminated py. Qtz+chl vein lets.
Andesite. Strongly fdsp porphyritic. Moderately amygdaloidal. Hydrothermal alteration (phyllic): fdsp pheno·
crysts largely replaced by white mica. qtz, and carb, fdsp is albitised, pervasive groundmass alteration resulted in
a fine intergrowth of white mica. chi, and qtz. Disseminated py. Well developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destruclive alteration resulted in a fine inter-
growth of white mica, chi, and qlz. Disseminatcd py. Very intensely developcd cleavage.
Andesite. Strongly fdsp porphyritic. Highly amygdaloida1. Hydrothermal altcration (propylitic): fdsp pheno-
crysts partially preserved, fdsp is albitised, domains of chl+ep+qtz+carb and white mica+chl+qtz+carb ground-
mass alteration. Patchy and spolted ep, disseminated py. Qtz and qtz+carb vein lets.
Andesitc. Strongly fdsp porphyritic. Highly amygdaloida\. Hydrothermal alteration (propylitic): fdsp pheno·
crysts largely prcserved, fdsp is albitised, domains of chl+ep+qtz+carb and whire mica+chl+qtz+carb ground-
mass alteration. Patchy and spotted ep, disseminated py. Py veinlets.
Andesite. Very weakly fdsp porphyritic. Highly amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts partially preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with while mica, chi, qtz, and carbo Patchy and spOiled ep, disseminated py. Qtz+carb veinlels.
Andesite. Moderately fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylilic): fdsp pheno-
crysts largely preserved, fdsp is albitised, pcrvasive groundmass alteration resulted in a fine intergrowth offdsp
laths with chi. ep, qtz, and carbo Disseminated py. Qtz and qtz+carb veinlets.
Andesite. Strongly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp phenocrysts
largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths
with white mica, chi, qlz, and carbo Palchy and spotted cp. disseminated py. Qtz veinlets.
Intensely altered rock. Hydrothermal alteration (phyllic-argillic): texturally destructive alteration resulted in a
fine intergrowth of white mica and qtz, fracture-controlled kin and pr!. Disseminated py. Very intensely devel-
oped cleavage.
Intensely altered rock. Hydrothermal alteration (phyllie-argillic): texturally destructive alteration resulted in a
fine intergrowth of white mica, chi, and qtz, fracture-controlled kIn and pr\. Disseminated py. Very intensely de-
veloped cleavage.
(ntensely altered rock. Hydrothermal alteration (silicic): texturally destructivc altcration resulted in a fine inter-
growth of qtz and white mica. Disseminated py. Intensely developed cleavage.
Inlensely altered rock. Hydrothermal alteration (silicic): texturally destructive alteration resulted in a tinc inter-
growth of qlZ and white mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermalaltcration (phyllic): texturally destructive alteration resulted in a tine inter-
growth of white mica and qtz. Disseminated py and minor carbo Very intensely developed cleavage.
Coarsc quartz.feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 60%, size: 1·3 mm) and fdsp
(abundance: 10%, size: J·2 mm) crystals. Phyllitic matrix. Hydrothermal alteration (propylitic): fdsp crystals
largely replaced by white mica. qtz, and carb, some fdsp grains are albitised, fine grained matrix of while mica,
chI, qtz, and carbo Minor lc;>;. Well developed cleavage. Qtz+carb+chl veinlets.
Coarse quartz·feldspar crystal-rich sandslone·breccia. Abundant qtz (abundance: 40%, size: 0.5-3 mm) and fdsp
(abundance: 30%, size: 0.5-2 mm) crystals, rare lithic fragments (abundance: 1%, size: 1-3 mm). Phyllitic ma-
trix. Hydrothermal altemtion (propylitic): fdsp crystals and lithic fragments largely preserved, fdsp grains are
albitised, fine grained matrix of while mica, chI, qtz, and carbo SpOiled ep, disseminated py, and minor Icx.
Qtz+carb veinlets.
Notes: Ap =apatite, carb =carbonate, chi =chlorite, ep =epidote, fdsp =feldspar, gn = galena, hem = hematite, kin = kaolinite, Icx = lex, prl
'" pyrophyllite, py = pyrite, px = pyroxene, qtz '" quartz, sp = sphalerite, zrn = zircon.
Appendix C. Sample catalogue C-5
Sample
(drill hole, meters)
WTI6-343
(WTl6, 343.10-343.80)
WTl6~344
(WT16, 343,10-343.15)
WT16-349
(WTI6. 349.50~350.IO)
WTI6-3SS
(WTl6,355.15·355.65)
WTI7-114
(WTl7,114.50-115.40)
WT17-118
(WTl7. 118.30-118.80)
WTl7-122
(WTI7,122.30-123.00)
WT17-127
(WTI7,127.00-127.50)
WTI?-l32
(WTI7.132.80-133.30)
WTl7-138
(WTl7.138.00-139,00)
WT17-146
(WTI7.146.50-147.50)
WT21-109
(WT2I.109.60-110.00)
WT21-121
(WT21.121.00-122.00)
WT21-126
(WT2I,126.60-127.00)
WT21-135
(WT2I,135.15-135.80)
WT21-147
(WT21,147.75-148.05)
WT21-159
(WT21,159.25-159.75)
Petrographic description
Coarse quartz-reldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 30%, size: 0.5·4 mm) and fdsp
(abundance: 40%, size: 1-2.5 mm) crystals, lithic fragments (abundance: 5%. size: 1 mm 10 >10 cm). Phyllilic
matrix. Hydrothermal alteration (propylitic): fdsp crystals and lithic fragments largely preserved, fdsp grains are
albitised, fine grained matrix of while mica, chi, qtz, and carbo Spotted ep, disseminated py, and minor lex. Qtz+
carb veinlets.
Resedimented dacitic hyaloclastite (dacite 01). Weakly fdsp porphyritic. Non amygdaloidaJ. elast size: 10 cm.
Clast shape: blocky with subrounded to rounded corners. Hydrothermal alteration (propylitic)~ fdsp phenocrysts
largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine inlergrowth of fdsp laths
with white mica, chi, qtz, and carbo Disseminated py and minor lex, Carb and qtz+carb veinlets.
Fine stlndstonc, Dark greenish grey, Laminated. Individual beds: unequal thickness and laterally discontinuous.
Detrital qtz and fdsp, Less detrital ap. Diagenetic py, Regional alteration: fdsp grains are albitised, fine grained
matrix of qtz, white mica, and chi with minor carb, Spotted ep, Carb veinlets crosscut foliation,
Fine sandstone. Dark greenish grey, greenish black, and greenish brown. Laminated, Individual beds: unequal
thickness and laterally continuous. Detrital qtz and fdsp. Rare large (>1 mm) crystal fragments. Less detrital ap.
No diagcnetic py. Regional alteration: fdsp grains are albitised, fine grained matrix of qtz, white mica, and chi
with carbo Spotted cp, Carb veinlets crosscut foliation,
Coarse quartz-feldspar crystal-rich sandstone-brecda, Abundant qtz (abundance: 40%, size: 2-5 mm) and fdsp
(abundance and size obscured by alteration) crystals, lithic fragments (abundance: 5%, size: 1-15 mm), Phyllitic
matrix, Hydrothermal alteration (phyllic): fdsp and lithic fragmcnts largely rcplaeed by white mica, qtz, and
carb, fine grained matrix of white mica and qtz. Disseminated py. Well developed cleavage, Py veinlets.
Coarse quartz-feldspar crystal-rich sandstone-brecda. Abundant qtz (abundance: 15%, size: 0.5-1 mm) and fdsp
(abundance: 15%, size: 0.5-1 mm) crystals, abundant lithic fragments (abundance: 60%, size: 1-10 cm). Phyllitic
matrix. Hydrothermal alteration (phyllic): fdsp and lithic fragments largely replaced by white mica, qtz, and
carb, fine grained matrix of white mica, chi, and qtz. Minor Icx. Weakly to well developed cleavage.
Coarse quartz-feldspar crystal-rich sandstone-brecda. Abundant qtz (abundance: 25%, size: 0.5-3 mm) and fdsp
(abundance: 30%, size: 0.5-3 mm) crystals, abundant lithic fragments (abundance: 10%, size: 0.5M40 mm). Phyl-
litic matrix. Hydrothermal alteration (phyllic): fdsp and lithic fragments largely replaced by white mica, qtz, and
carb, line grained matrix of white mica, chi. and qtz. Minor Icx. Well developed cleavage.
Coarse quartz-feldspar crystal~rich sandstone-breccia. Abundant qtz (abundance: 40%, size: 0.5-4 mm) and fdsp
(abundance: 40%, size: 0.5-3 mm) crystals, lithic fragments (abundance: 5%. size: 2~5 mm). Phyllitic matrix.
Hydrothermal alteration (phyllic): fdsp and lithic fragments largely replaced by white mica, qtz, and carb, fine
grained matrix of white mica. chi, and qlz. Spoiled ep and minor lex. Poorly developed cleavage.
Coarse quartz-feldspar crystal-rich sandstone-breccia. Abundant qlz (abundance: 40%, size: 1-3.5 mm) and fdsp
(abundance: 30%, size: 0.5-3 mm) crystals. Phyllitic matrix. Hydrothermal alteration (phyllic): fdsp crystals
largely replaced by white mica, qtz, and carb, fine grained matrix of white mica, chi, and qtz. Patchy and spotted
cp. minor lex. Weakly developed cleavage.
Coarse quartz-feldspar crystal~rich sandstone-breeda. Abundant qtz (abundance: 60%, size: J·3 mm) and fdsp
(abundance: 25%, size: 1M 2 mm) crystals, abundant lithic fragments (abundance: 10%, size: < 8 cm). Phyllitic
matrix. Hydrothermal alleration (phyllic): fdsp and lithic fragments largely replaced by white mica and qtz, fine
grained matrix of white mica, chi, and qtz. Minor lex. Well developed cleavage.
Coarse quartz-feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 30%, size: 0.5-3 mm) and fdsp
(abundance: 60%, size: 0.5-2.5 mm) crystals. Phyllitic matrix. Hydrothermal alteration (propylitic): fdsp crystals
largely preserved, fdsp is albitised, line grained matrix of while mica, chi, and qlz. Spotted and patchy ep, minor
Icx. Poorly developed cleavage.
Dacite. Very weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (phyllic): fdsp phenocrysts
largely replaced by white mica, qtz, and carb, remnant fdsp is albitised, pervasive groundmass alteration resulted
in a fine inlergrowth of while mica, chi, qtz, and carbo VeinMlike zones of py and disseminated py. Well devel-
oped cleavage.
Dacitc. Vcry weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (phyllic): fdsp phenocrysts
largely replaced by white mica, qtz, and carb, remnant msp is albitised, pervasive groundmass alteration resulted
in a finc intergrowth of white mica, chi, qtz, and carbo Disseminated py. Well developed cleavage. Carb veinlets.
Dadle. Very weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (phyllic): fdsp phenocrysts
largely replaced by white mica, qtz, and carb, remnant fdsp is albitised, pervasive groundmass alteration resulted
in a fine intergrowth of white mica, chi, qtz, and carbo Disseminated py. Well developed cleavage. Carb veinlets.
Andesite. Aphyric. Poorly amygdaloidaJ. Hydrothermal alteration (phyllic): pervasive groundmass alteration re-
sulted in a fine intergrowth of white mica, chi, qtz, and carbo Disseminated py and vein-like zones of py, patchy
ep. Well developed cleavage. Qtz+carb veinlets.
Dacite. Moderately fdsp porphyritic. Poorly amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno~
crysts largely replaced by white mica, qtz, and carb, fdsp is albitised, pervasive ground mass alteration resulted in
a fine intergrowth of fdsp laths with white mica, chi, qtz, and carbo Disseminated py and spolted ep. Poorly de-
veloped cleavage,
Dacite. Moderately fdsp porphyritic. Poorly amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts largely replaced by white mica, qtz, and carb, fdsp is albitised, pervasive groundmass lllteratiOll resulted in
a tine intergrowth of fdsp laths with white mica, chi, qtz, and carb. Disseminated py and spotted ep. Poorly de-
veloped cleavage.
Notes: Ap = apatite, earb == carbonate, chi == chlorite, ep = epidote, rdsp = feldspar, gn = galena, hem == hematite, kin = kaolinite, lex = lex, prl
= pyrophyllite, py == pyrite, px == pyroxene, qtz = quartz, sp = sphaleritc, zen = zircon.
Appendix C. Sample catalogue C-6
Sample
(drill hole, meters)
WT21-172
(WT21,172.00-172.70)
W1'21-185
(WT21.185.40-186.00)
W1'21-199
(WT21,199.10-199.70)
W1'21-212
(WT21,212.40-212.80)
W1'2(-223
(WT21,223.15-223.75)
W1'21-237
(WT21,237.85-238.40)
\\11'21-249
(WT2I. 249.60-250.20)
W1'21-261
(WT2I. 261.30-262.30)
W1'21-277
(WT21, 277.30-278.00)
W1'21-298
(Wr21, 298.50-299.20)
W1'21-306
(WT2I. 306.15-306.80)
WT21-311
(WT21. 31 1.70-312.30)
W1'21-314
(WT21,314.00-314.50)
WT21-3I9
(WT21,319.6O-320.30)
W1'21-324
(WT2J.324.05-324.95)
W1'21-328
(WT2I,328.70-329.30)
W1'21-335
(WT21,335.00-335.50)
W1'22-IOO
(WT22.100.30-100.90)
W1'22-109
(WT22,109.50-110.50)
W1'22-122
(WT22,122.85-123.85)
WT22-132
(WT22.132.70-133.40)
Petrographic description
Dacile. Moderately fdsp porphyrilic. Poorlyamygdaloidal. Hydrothennal alteration (phyllic); fdsp phcnocrysts
largely replaced by white mica, qtz, and carb, remnant fdsp is albitised, pervasive groundmass alleration resulted
in a tine intergrowth of white mica, chI, qtz, and carbo Disseminated py. Poorly developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a tine inter-
growth of remnant fdsp laths with white mica, chi, qtz, and carbo Disseminated py. Very intensely developed
cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of remmml fdsp laths with white mica, chi, qtz, and earb. Disseminated py. Very intensely developed
cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of remnant fdsp 13ths with white mica, chi, qtz, and carbo Disseminated py. Very intensely developed
cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of remnant fdsp laths with while mica, chi, qtz, and carbo Disseminated py. Very intensely developed
cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of white mica, chI, and qtz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive a\leration resulted in a fine inter-
growth of white mica, chI, and qtz. Disseminated py and minor carbo Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (silicic): texturally destructive alteration resulted in a fine inter-
growth ofqtz and white mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of white mica, chi, and qtz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllie): texturally destructive alteration resulted in a fine inter-
growth ofwhitc mica. chi, qtz, and carbo Disscminated py, Vcry intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a line inter-
growth of white mica, chi, qlz, and carb. Disseminated py. Very intensely developed cleavage.
Coarse quanz-feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance and size obscured by alteration)
and fdsp (abundance and size obscured by alteration) crystals, abundant lithic fragments (abundance: 10%, size:
2-20 mm). Phyllitic matrix. Hydrothennal alteration (propylitic): fdsp and lithic fragments largely replaced by
while mica, qtz, and carb, fdsp is albilised. fine grained matrix of white mica. chi, qtz, and carbo Disseminated
py. Very intensely developed cleavage.
Coarse quartz~feldsparcrystal-rich sandstone-brcccia. Abundant qtz (abundance and size obscured by alteration)
and fdsp (abundance and size obscured by alteration) crystals, abundant lithic fragments (abundance and size
obscured by alteration). Phyllitic matrix, Hydrothermal altcration (propylitic): fdsp and lithic fragments largely
replaced by white mica, qtz, and carb, fdsp is albHised, line graincd matrix of white mica, chi, qtz, and carbo
Disseminated py and minor lex. Intensely developed cleavage. Qtz+carb veinlets,
Coarse quartz-feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 30%, size: 1-3 mm) and fdsp
(abundance: 30%, size: 1-2 mm) crystals, abundant lithic fragments (abundance: 5%. size: 5-10 mm). Phyllitic
matrix. Hydrothermal alteration (propylitic): fdsp and lithic fragments partially replaced by white mica, qt2. and
curb, fdsp is albitised, fine grained matrix of white mica, chI, qtz, and carbo Minor lcx. Well developed cleavage.
Carb veinlets.
Coarse quartz-feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 40%, size: 1-3 mm) and fdsp
(abundance: 30%, size: 1-2 mm) crystals, lithic fragments (abundance: 5%, size: < 8 mm). Phyllitic matrix. Hy-
drothermal alteration (phyllic): fdsp and lithic fragments largely replaced by while mica, qtz, and carb, fdsp is
albitised, fine grained matrix of white mica, chi, qtz, and earb. Spotted hem and ep, minor lcx, Very intensely
developed cleavage. Qtz vein lets.
Coarse quartz-feldspar crystal-rich sandstone-breceia. Abundant qtz (abundance and size obscured by alteration)
and feldspar (abundance 3nd size obscured by alteration) crystals. Phyllitie matrix. Hydrothermal alteration
(phyllic): feldspar crystals entirely replaced by white mica, qtz, and carb, fine grained matrix of hem, chI, qtz,
and carbo Weakly developed eleavnge,
Coarse quartz-feldspar crystal-rich sandstonc-brcceia. Abundant qtz (abundance: 30%, size: 1-3 mm) and fdsp
(abundance: 40%, size: 1-3 mm) crystals. Phyllitic matrix. Hydrothermal alteration (phyllie): fdsp crystals en-
tirely replaced by white mica, qtz, and carb, fine grained matrix of white mica. chi. qtz, and carbo Minor lex. In-
tensely developed cleavage.
Andesite. Weakly fdsp porphyritic. Poorly amygdaloidal. Hydrothermal altemtion (propylitic): fdsp phenocrysts
largely replaced by white mica, qtz, and carb, fdsp is albitised, domains of white mica+chl+qtz+earb and chl+
ep+qtz+carb groulldmass alteration. Disseminated py. Poorly developed cleavage.
Andesite. Weakly tasp porphyritic. Poorly amygdaloidal. Hydrothermal alteration (propylitic): fdsp phenocrysts
largely replaced by white mica, qtz, and carb, fdsp is albitised, domains of white mica+chl+qtz+carb and chl+
ep+qtz+carb ground mass alteration. Disseminated py. Poorly developed cleavage.
Andesite. Very weak.ly fdsp porphyritic. Highly amygdaloidal. Hydrothermal alteration (phyllic): faint pheno-
crysts, remnant fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths with
white mica, chi. qtz, and carbo Disseminated py. Well developed cleavage,
Andesite. Very weak.ly fdsp porphyritic. Highly amygdaloidal. Hydrothermal alteration (phyllie): f3int pheno-
crysts, remnant fdsp is albitised, domains of white mica+chl+qtz+carb and qtz+white mica+ch1+cllrb ground-
mass alteration. Disseminated py. Poorly developed cleavage. Py and qtz+carb velnlets.
Notes: Ap =apatite, carb =carbonate, chi =chlorite, ep =epidole, fdsp == feldspar, gn == galena, hem =hematite, kin =kaolinite, lex =lex. prl
== pyrophyllite, py =pyrite. px == pyroxene, qtz =quartz, sp == sphalerite, zrn = zircon.
Appendix C. Sample catalogue C-?
Sample
(drill hole, meters)
WT22-148
(WT22,148.75-150.05)
WT22-163
(WT22,163.30-164.1O)
WT22-176
(WT22, 176.40-177.30)
WT22-190
(WT22, 190.80-191.80)
WT22-208
(WTII,208.45-209.05)
WT22-12l
(WT22,222.30-223.20)
WT21-23?
(WTII,237.70·238.40)
WT22-244
(WTII,244,90-245.70)
WT22-2S6
(WT22,256.00-257.00)
WT22-264
(WT22,264.45-265.45)
WT22-277
(WT22,277.70-278.70)
WT22-286
(WT22, 286.50-287.60)
WT22-295
(WT22,295.35-296.35)
WT22-302
(WT22,302.00-303.80)
WT2Z-307
(WTII,307.90-308.55)
WT22-314
(WT22,314.40-315.10)
WT22-322
(WT22,322.40-323.30)
WTII-32B
(WT22,328.96-329.45)
WT22-329
(WT22.329.40-329.95)
\VT22-332
(WT22,332.85-333,35)
WT23-114
(WT23,114.90-115.50)
Petrographic description
Andesite. Very weakly fdsp porphyritic. Moderately amygdllloidal. Hydrolhermal alteration (phyllie): faint phe-
nocrysts, remnant fdsp is albitised, pervasive groundm3ss alteration resulted in a fine intergrowth of fdsp laths
with white mica, chi, qtz, and carb. Disseminated py. Poorly developed cleavage. Py veinlets.
Andesite. Very weakly fdsp porphyritic. Moderately amygdaloidal. Hydrothermal alteration (phyllic): faint phe-
nocrysts, remnant fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths
with white mica, chi, qtz, and carbo Disseminated py. Intensely developed cleavage.
Andesite. Very weakly fdsp porphyritic. Poorly amygdaloidal. Hydrothermal alteration (phyllic): faint pheno~
crysts, remnant fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth offdsp laths with
white mica, chi, qtz, and carbo Disseminated py. Well developed cleavage. Qtz+carb veinlets.
Andesite. Very wenkly fdsp porphyritic. Poorly nmygdaloidal. Hydrothermnl alteration (phyllic): faint pheno·
crysts, remnant fdsp is albitised, pervasive groundmass alteration resulted in a fine inteq,"Towth of fdsp laths with
white mica, chi, qtz, and carbo Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter~
growth of white mica, chi, and qtz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter~
growth of remnant fdsp laths with white mica. chi, qtz, and carbo Disseminated py. Very intensely developed
cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of white mica, chi, and qtz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Qtz crystal fragment may indicate a rhyolitic precursor material. Hydrothermal alteration
(phyllic): texturally dcstructive alteration resulted in a fine intergrowth of white mica, chi, and qtz. Disseminated
py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of white mica, chi, and qtz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothcrmal alteration (phyllic): texturally destructive alteration resulted in a fine inler-
growth of white mica, chi, and qlz. Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (silicic): texturally destructive alteration resulted in a fine inter-
growth of qtz and white mica. Disseminated py. Intensely developed cleavage.
Dacite (type DJ). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (phyllic): faint fdsp
phenocrysts, pervasive groundmass alteration resulted in a fine intergrowth of white mica and qtz. Disseminated
py. Very intensely developed cleavage.
Dacite (type 01). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (phyllic): faint fdsp
phenocrysts, pervasive groundmass alteration resulted in a line intergrowth of white mica, qtz, and carbo Dis-
seminated py. Very intensely developed cleavage.
Oacite (type 01). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothcrmal alteration (propylitic): fdsp pheno-
crysts partially replaced by white mica, qtz, and carbo fdsp is albitised, pervasive grollndm3ss alteration resulted
in a line intergrowth of fdsp laths with white mica, chi, qtz, and carbo Minor Icx. Qtz+carb and carb+py veinlets.
Dacite (type 01). Weakly fdsp porphyritic. Non amygdaloidaJ. Hydrothermal alteration (propylitic): fdsp pheno~
crysts partially replaced by white mica, qtz, and carb, fdsp is albitised, pervasive ground mass alteration resulted
in a fine intergrowth of fdsp laths with white mica. qtz, and carbo Vein-like zones of py and minor Icx. Qtz+py
and carb+py veinlets.
Dacite (type 01). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a line intergrowth of fdsp
laths with white mica, chi, qtz. and earb. Vein~like zones of hem, patchy and spollcd ep, minor lex. Qtz+carb
vcinlets.
Oacite (type DI). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with white mica, chi, qtz, and carbo Diffuse and vein-like zones of hem, minor Icx. Qtz+carb and ep+qtz
vcinlets.
Dacite (type 01). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno~
crysts partially rcplaced by white mica, qtz, and carb, fdsp is albitised, pervasive groundmass alteration resulted
in a fine intergrowth of fdsp laths with white micll, chi, qtz, and carbo Disseminated py and minor lex. Well de-
veloped cleavage.
Coarse quartz-feldspar crystal-rich sandstone~breccia. Abundant qtZ (abundance: 30%, size: 1~5 mm) and fdsp
(abundance: 30%. size: 1~3 mm) crystals. Phyllitic matrix. Hydrothermal alteration (propylitic): fdsp crystals
largely preserved, fdsp is albitised, fine grained matrix of white mica, chi, qtz, and carbo Minor lex. Well devel~
oped cleavage. Qtz vcinlels.
Mudstone. Dark greenish grey. Laminated. Individual beds: unequal thickness and laterally continuous. Detrital
qtz and fdsp. Less detrital ap. Hydrothermal altemtion (propylitic): fdsp grains are albitised, fine grained matrix
of qtz, white mica, and chI. Bedding-parallel carb aggregates and disseminated carbo Well developed cleavage.
Carb veinlets crosscut foliation.
Basalt. Weakly fdsp and px porphyritic. Moderately amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional
alteration: fdsp phenocrysls are albilised, px phenocrysts entirely replaced, pervasive groundmass alteration re-
sulted in a fine intergrowth of fdsp laths with chi, ep, qlZ, and carbo Spotted ep and disseminated py. Ep and
carb+qtz veinlets.
Notes: Ap:= apatite, carb := carbonate, chi := chlorite, ep '" epidote, fdsp '" feldspar, gn =galena, hcm = hematite, kin =kaolinite, Icx = lcx, prl
= pyrophyllite, py = pyrite, px:= pyroxene, qtz:= quartz. sp '" sphalerite, zrn = zircon.
Appendix C. Sample catalogue C-s
Sample
(drill hole, meters)
WT23-140
(WT23, 140.45-141.05)
WT23~152
(WT23,152.60-153.30)
W1'23-168
(WT23,168.40-169.10)
WT23-182
(WT23,182.05-182.75)
WT23-198
(WT23,198.40-199,00)
WT23-20B
(WT23,208.85-209.40)
WT23-227
(WT23,227.75-228,45)
WT23-242
(WT23,242.50-243.20)
WT23-256
(WT23,256.50-257.20)
WT23-26I
(WT23,261.80-262.50)
\\'123-282
(WT23,282.00-282.60)
WT23-295
(WT23,295.15-295.65)
WT23-322
(WT23,322.65-323.25)
WT23-343
(WT23,343.45-344.20)
WTZ3-368
(WT23,368.60-369.20)
WT23-39J
(WT23, 391.40-392.10)
\\'T23-399
(WT23,399.50-400.20)
WT23-406
(WT23,406.50-407.10)
WT23-411
(WT23, 411.20-412.10)
WT23-416
(WT23,416.75-418.05)
Petrographic description
Andesite. Weakly px and fdsp porphyritic. Moderately amygdaloida! (qtz+chl+carb and chl+qtz filled). Regional
alteration: px phenocrysls entirely replaced, fdsp phenocrysts are albitised, pervasive ground mass alteration re-
sulted in a fine intergrowth of fdsp laths with chi, ep, qtz, and carbo Spotted ep and disseminated py. Qtz+hem
and ep veinlets.
Andesite. Aphyric. Moderately amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional alteration: pervasive
groundmass alteration resulted in a fine intergrowth of fdsp laths with chi, ep, qtz, and carbo QlZ+ep velnlets.
Basalt. Very weakly px porphyritic. Modcrately amygdaloidal (qlZ+chl+carb and chl+qtz filled). Regional al-
teration: px phenocrysts entirely replaced, pervasive groulldmass alteration resulted in a fine intergrowth of fdsp
laths with chi, ep, qtz, and carbo Patchy and spoiled ep, disseminated py. Ep veinlets.
B3salt. Very weakly px porphyritic. Moderately amygdaloidal (qlz+chl+carb and chl+qtz filled). Regional al-
teration: px phenocrysts entirely replaced, pervasive groundmass alteration resulted in a fine intergrowth offdsp
laths with chi, ep, qtz, and carbo Spotted ep. Ep and qtz+carb veinlels.
Basalt. Very weakly fdsp and px porphyritic. Sparsely amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional
alteration: fdsp phenocrysts arc albitiscd, px phenocrysts entirely replaced, pervasive groundmass alteration re~
suited in a fine intcrgrowth offdsp laths with chi, ep, qtz, and carbo Patchy and spotted ep. Qtz+carb veinlets.
Fine sandstone. Greenish black. Massive. Detrital qtz and fdsp. Less detrital ap. Diagenetic py. Regional altera~
tion: fdsp grains are albitised, fine grained matrix of qtz, white mica, chi, and rare carbo Carb veinlets crosscuts
foliation.
Basalt. Very weakly px porphyritic. Highly amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional alteration:
px phenocrysts entirely replaced, pervasive groundmass alteration resulted in a fine intergrowlh of fdsp laths
with chi, ep, qlz, and carbo Qtz and qlz+carb velnlets.
Basalt. Very weakly px porphyritic. Non amygdaloidal. Regional alteration: px phenocrysls entirely replaced,
pervasive groundmass alteration resulted in a fine intergrowlh of fdsp lalhs with chi, ep, qtz, and carbo Spotted
ep+carb. Qtz+carb veinlets.
Basalt. Very weakly px porphyritic. Sparsely amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional altera-
tion: px phenocrysts entirely replaced, pervasive groundmass alteration resulted in a fine inlergrowth of fdsp
laths with chi, ep, qlz, and carbo Ep and qtz+carb veinlets.
Mudstone. Dark greenish grey. Massive. Rare detrital qtz and fdsp. Less detrital ap and zm. Patchy induration of
qtz, ep, and carbo No diagenetic py. Regional alteration: fdsp grains are albitised, fine grained malTix of qtz and
white mica with minor chI and carbo Poorly developed cleavage. Carb veinlels crosscut foliation.
Basall. Very weakly px porphyritic. Moderately amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional al-
teration: px phenocrysts entirely replaced, pervasive groundmass alteration resulted in a fine intergrowth offdsp
laths with chi, ep, qtz, and carbo Patchy and spotted ep. Ep, qlz.+carb, and qtz+hem veinlets.
Basalt. Very weakly px porphyritic. Sparsely amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional altera-
tion: px phenocrysts entirely replaced, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with chi, ep, qtz, and carbo Ep and qtz+carb vein lets.
Coarse feldspar~quartzsandstone~breccia.Abundant fdsp (abundance: 25%, size: 1~2 mm) and quartz (abun~
dance: < I %, size: < I mm) crystals. Phyllitic malrix. Diagenetic py. Regional alteration: fdsp crystals pre~
served, fdsp is albitised, fine grained matrix of white mica, chi, qlZ, and carbo Patchy ep. Carb veinlets.
Coarse feldspar~quartzsandstone-breccia. Abundant fdsp (abundance: 35%, size: 1-3 mm) and quartz (abun~
dance: < 2 %, size: 1-2 mm) cryslals. Phyllitic matrix. Regional alteration: fdsp crystals preserved, fdsp is albi~
tised, fine grained matrix of white mica, chi, qtz, and carbo Patchy ep and minor lex. Qtz veinlets.
Fine sandstone. Dark greenish grey. Massive. Delrillll qtz and fdsp. Less detrital ap. Patchy induralion of qtz and
cp. No diagenetic py. Regional alteration: fdsp grains arc albitised, fine grained matrix of qtz IInd white mica
with minor chi and carbo Carb veinlets crosscut foliation.
Coarse quartz-feldspar erystal~rich sandstone-breccia. Abundant qtz (abundance: 30%, size: 1-3 mm) and fdsp
(abundance: 50%, size: 1~3 mm) crystals, lithic fragments (abundance: 5%, size: < 8 mm). Phyllitic matrix. Hy~
drothermal alteration (propylitic): fdsp crystals and lithic fragments preserved, fdsp is albitised, fine grained
matrix of white mica, chi, qtz, and carbo Patchy ep, spOiled hem, and minor lex. Poorly developed cleavage.
Qtz+carb veinlels.
Dacite. Moderately fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylilic): fdsp phenocrysts
partially replaced by white mica, qtz, and carbo fdsp is albitised, pervasive groundmass alteration resulted in u
fine intergrowth of fdsp laths with white mica, chi, and qtz. Spolled ep. Qtz+carb veinlets.
Coarse quartz-feldspar crystal~rich sandstone~breccia.Abundant qtz (abundance: 35%, size: 2~3 mm) and fdsp
(abundance: 35%, size: 2 mm) crystals. Phyllilie matrix. Hydrothermal alteration (phyllic): fdsp crystals entirely
replaced by white mica, qtz, and carb, fine grained matrix of white mica, chi, qtz, and carbo Spolted ep llnd hem,
minor lex. Very intensely developed cleavage.
Coarse quartz-feldspar crystal-rich sandstone~breccia.Abundant qtz (abundance: 30%, size: 1-3 mm) and fdsp
(abundance and size obscured by alteration) crystals. Phyllilic matrix. Hydrothermal alteration (propylitic): fdsp
crystals largely replaced by white mica, qtz, and carb, fdsp is albitised, fine grained matrix of white mica, chi,
qtz, and carbo Minor lcx. Very intensely developed cleavage. Carb velnlets.
Dacite (type 01). Weakly rdsp porphyritic. Non amygdaloidaL Hydrothermal alteration (propylitic): fdsp pheno-
crysts largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intcrgrowlh of fdsp
laths with white mica, chI, qtz, and carbo Fracture controlled hem, patchy ep, and minor lex. Qtz+carb and Ep+
qtz veinlets.
Notes: Ap = apatite. carb:=. carbonate, chi = chlorile, ep = epidote, fdsp:=. feldspar, gn = galena, hem = hematite, kin = kaolinite, Icx = lex, pr!
= pyrophyllite, py = pyrite, px = pyroxene, qtz = quartz, sp:=. sphalerite, zrn = zircon.
Appendix C. Sample catalogue C-9
Sample
(drill hole. meters)
WT23-422
(WT23, 422.1 0-422.70)
WTZ3-430
(WT23,430.05-430.85)
WT23-436
(WIZ3,436.60-437.20)
WT23-443
(WTZ3,443.80-444.60)
WT23-450
(WT23,450.80-451.90)
WT23-45S
(WT23,455.45-456.45)
WT23-460
(WT23,460.20-461.20)
WT23-477
(WT23,477.20-478.20)
WT23-488
(WT23,488.00-489.00)
WT23-S05
(WT23,505.50-506.50)
WT24-115
(WT24, 115.65·116.35)
WT24-137
(WT24,137.25-137.75)
WT24-1S5
(WT24,155.70-156.30)
WT24-167
(WT24, 167.20-167.80)
WT24-182
(WT24,182.70·[83.30)
WT24-196
(WT24,196.80-197.40)
WT24-219
(WT24,219.95-220.65)
WT24-23 I
(WT24.231.25-231.70)
WT24-239
(WT24,239.90-240.60)
WT24-266
(WT24,266.45-267.25)
WT24-290
(WT24, 290.85-291.50)
WT24-300
(WT24,300.90-300.95)
WT24-318
(WT24,318.10-318.70)
Petrographic description
Dacite (type DI). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothennal alteration (propylitic): fdsp pheno-
crysts largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with white mica, chi, qtz, and carbo Diffuse hem zones, patchy ep, fracture controlled mica+ehl, and minor
lex. Qtz+carb veinlets.
Dacite (type DJ). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitie): fdsp pheno-
crysts largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with white mica, chi, qtz, and earb. Diffuse hem zones, patchy ep, and minor lex. Ep+qtz veinlets.
Dacite (type DI). Weakly fdsp porphyritie. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
erysts largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with white mica, chi, qtz, and carbo Vein-like hem zones, patchy ep, and minor lcx. Qtz+carb veinlets.
Daeite (type D I). Weakly fdsp porphyritie. Non amygdaloidaL Hydrothermal alteration (propylitic): fdsp pheno-
erysts largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with white mica, chi, qtz, and carbo Patchy ep and minor lex. Qtz+carb veinlets.
Daeite (type DI). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothennal alteration (propyiitic): fdsp phcno-
crysts largely preserved, fdsp is albitiscd, pervasive groundmass alteration resulted in a fine intergrowth of fdsp
laths with chi, qtz, and carbo Spotted hem, patchy ep, and minor lex. Ep+carb veinlets.
Dacite (type 01). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts partially replaced by white mica, qtz, and carb, fdsp is albitised, pervasive groundmass alteration resulted
in a fine intergrowth of fdsp laths with white mica, chi, qtz, and carbo Minor lex. Qtz+carb vein lets.
Dacite (type D I). Weakly fdsp porphyritie. Non amygdaloidal. Hydrothermal alteration (phyllic): faint pheno-
erysts, pervasive groundmass alteration resultcd in a fine intcrgrowth of fdsp laths with white mica, chi, and qtz.
Disseminated py. Weakly developed cleavage. Py+cllrb vein lets.
Intensely altered rock. Hydrothermal alteration (silicic): texturally destructive alteration resultcd in a fine inter-
growth of qtz and white mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (silicic): texturally destructive alteration rl:sulted in a fine inter-
growth of qtz and white mica. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllie): texturally destructive alteration rl:sulted in a line inter-
growth of white mica, chi, and qtz. Disseminated py. Very intensely developed cleavage.
Dacite. Moderately fdsp porphyritic, Non amygdaloidal. Regional alteration: fdsp phenocrysts arc albitised, per-
vasive groundmass alteration resulted in a fine intergrowth offdsp laths with white mica, chi, qtz, and carbo Mi-
nor lcx. Qtz+carb vein lets.
Dacite. Moderately fdsp porphyritic. Non amygdaloidal. Regional alteration: fdsp phenocrysts are albitised, per-
vasive groundmass alteration rl:sulted in a finc intcrgrowth of fdsp laths with chi, qtz, and carbo Disseminated py
and minor lex. Qtz+carb veinlets.
Andesite. Aphyric. Moderately amygdaloidal (qtz+chl+earb and chl+qtz filled). Regional alteration: pervasive
groundmass alteration resulted in a fine intergrowth of fdsp laths with chi, ep, qtz, and carbo Ep+qtz and carb
veinlets.
Andesite. Aphyric. Highly amygdaloidal (qtz+chl+carb and chl+qtz filled). Regional alteration: pervasive
groundmass alleration resulted in a fine intergrowth of fdsp laths wilh chi, ep, qtz, and carbo Qtz and qtz+carb
veinlets.
Basalt. Strongly fdsp porphyritic. Moderatcly amygdaloidal (ehl+qtz filled). Regional alteration: fdsp phcno-
crysts are albitised, pervasive grollndmass alteration resulted in a fine intergrowth of fdsp laths with chi, ep, qtz,
and carbo Spotted ep. Qtz+ep and qtz+carb veinlels.
Mudstone. Dark greenish grey. Laminated. Individual beds: unequal thickness and laterally discontinuous. De-
trital qtz and rare fdsp. Less detrital ap. Diagenetic py. Regional alteration: fdsp grains arc albitised, fine grained
matrix of qtz, white mica, chi, and carbo Carb vein lets crosscut foliation.
Basalt. Aphyrie. Poorly amygdaloidal (qtz+ehl filled). Regional alteration: pervasive groundmass alteration re-
sulted in a fine il1tergrowth of fdsp laths with chi, ep, qtz, and carbo Qtz+carb veinlets.
Andesite. Aphyric. Non amygdaloidal. Regional alteration: pervasive groundmass alteration resulled in a fine
intergrowth of fdsp laths with chi, ep, qtz, and carbo Qtz+carb veinlets.
Andesite. Aphyric. Non amygdaloidal. Regional alteration: pervasive groundmass alteration resulted in a fine
intergrowth offdsp laths with chi, qtz, and carbo Disseminated py. Qtz+carb veinlels.
Fine sandstone. Dark greenish grey. Very thinly to thinly bedded. Individual beds: unequal thickness and later-
ally continuous, normal graded. Detrital qtz and fdsp, Less detrital ap. Rare lithic fragments. Diagenetic py. Re-
gional alteration: fdsp grains are albitised, fine grained matrix of qtz and white mica with minor chi and carbo
Carb veinlets crosscut foliation.
Coarse feldspar-quartz sandstone·breceia. Abundant fdsp (abundance: 35%, size: 1-3 mm) and quartz (abun-
dance: < 5 %, size: Imm) crystals. Diagenetic py. Phyllitic matrix. Regional alteration: fdsp crystals preserved,
fdsp is albitised, fine grained matrix of white mica, chi, qtz, and carbo Spotted ep and minor lex. Carb veinlets.
Resedimented dacitie hyaloclastite. Very weakly fdsp porphyritic. Non amygdaloidal. Clast size: >15 cm. Clast
shape: blocky with subrounded to rounded corners. Regional alteration: fdsp phenocrysts arc albitised, pervasive
groundmass alteration resulted in a fine intergrowth of fdsp laths with chi, qlz, and carbo Minor lex. Carb and
qtz+carb vein lets.
Basalt. Very weakly fdsp porphyritic. Poorly amygdaloidal (qtz+chl filled). Regional alteration: fdsp pheno~
erysts are albitiscd, pervasive groundmass alteration resulted in a fine intergrowth offdsp laths with chI, ep, qtz,
and carbo Streaky ep. Ep and qtz+carb veinlets.
Notes: Ap:=o apatite, earb '" carbonate, chi"" ehlorite, ep '" epidote, fdsp = feldspar, gn = galena, hem = hematite, kln:= kaolinite, Icx :=0 lex, prl
:= pyrophyllite, py:=o pyrite, px:=o pyroxenc, qtz = quartz, sp = sphalerite, un '" zircon.
Appendix C. Sample catalogue C-lD
Sample
(drill hole, meters)
WT24-327
(WT24,327.30-327.80)
WT24~351
(WT24, 351.20·351,80)
WT24-356
(WT24,356.45-356.90)
WT24-370
(WT24,370.50-371.00)
WT24-383
(WT24,383.30-384.00)
WT24-393
(WT24,393.90-394.35)
WT24-396
(WT24, 396.50-397.10)
WT24-40S
(WT24,405.65-406.25)
WT24-4IS
(WT24, 415.45-416.05)
WT24-433
(WT24,433.90-434.50)
WT24-44I
(WT24,441.50-442.20)
WT24-4S6
(WT24,456.20-456.90)
WT24-470
(WT24.470.20-471.90)
WT24-488
(WT24,488.80-489.45)
WT24-497
(WT24,497.50-498.10)
WT24-SI6
(WT24,516.40-517.10)
WT24-S34
(WT24,534.95-535.85)
WT25-97
(WT25,97.10-97.60)
WT25-110
(WT25,110.75-111.30)
WT25-126
(WT25,126.50-127.05)
WT25-139
(WT25, 139.35-140.00)
Petrographic description
Mudslone. Dark greenish grey. Massive. Abundant detrital qtz and fdsp. Less detrital ap. Diagenctic py. Small
face-centred qtz strain fringes on py. Regional alteration: fdsp grains are albitised, fine grained matrix of qtz,
white mica, chi, and carbo Intensely developed cleavage. Carb veinlets crosscut foliation.
Fine sandstone. Greenish grey and dark greenish grey. Laminated. Individual beds: unequal thickness and later-
ally discontinuous. Abundant detrital qtz and fdsp. Less detrital ap. No diagenetic py. Regional alteration: fdsp
grains are albitised, fine grained matrix ofqtz, white mica, chI, and carbo Carb vein lets crosscut foliation.
Dacite. Moderately fdsp porphyritic. Non amygdaloidal. Hydrothennal alteration (propylitic): fdsp phenocrysts
partially replaced by white mica. qlz, and carb, fdsp is albilised, pervasive ground mass alteralion resulted in a
fine intergrowth of fdsp laths with white mica, chi, qtz, and <:arb. Spotted <:p. Qtz+earb and qtz+carb+hem vein·
lets.
Dacite (type DI). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno~
crysts largely preserved, fdsp is albitised, domains of chl+qtz+carb and qtz+hem, patchy ep+qtz+carb ground-
mass alteration. Spotted hem and minor lex. Ep+qtz and qtz+carb veinlcls.
Dacite (typ<: 0 I). Wcak[y fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts largely preserved, fdsp is albitised, domains of chl+whilc mica+qtz+earb and qtz+hem, patchy ep+qtz+
carb groundmilss illteration. Spotted hem and minor l<:x. Qtz+carb veinlets.
Dacite. Moderately fdsp porphyritic. Non amygdaloidaL Hydrothermal alteration (propylitic): fdsp phenocrysts
pilrtially replaced by white mica, qtz, and carb, fdsp is albitised, pervasive groundmass alteration resulted in a
fine intergrowth of fdsp laths with white mica, chi, qtz, and carb. Spotted cp. Qtz+carb veinlets.
Mudstone. Dark greenish grey. Massive. Rare detrital qtz and fdsp. Less detrital ap. No diagenetic py. Regional
alteration: fdsp grains are albitised, fine grained matrix of qtz, white mica, and chi with minor carbo Very in-
tensely developed cleavage. Carb veinlels crosscut fo[i"tion.
Dacite (type DI). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts largely preserved, fdsp is albitised, domains of ehl+white mica+qtz+carb and qtz+hem. patchy ep+qtz+
carb groundmass alteration. SpOiled hem and minor lex. Qtz+carb veinlets.
Oacite (type 01). Weakly fdsp porphyritic. Non amygdaloidaL Hydrothermal alteration (propylitic): fdsp pheno~
crysts largely preserved, fdsp is albitised, domaillS of chl+white mica+qtz+carb and qtz+hem, patchy ep+qtz+
carb ground mass alteration. Spotted hem and minor Icx. Qtz+carb vein lets.
Monomicl dneitic breccia~conglomerate (type 01). Weakly fdsp porphyritic. Non amygdaloidal. Clast size: 1
mm to 4 cm. Clast shape: blocky and angular with subrounded to rounded corners. Hydrothermal alteration
(propylitic): fdsp phenocrysts largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a
fine intergrowth offdsp laths with <:hl, white mica, and qtz. Spotted ep and minor lex. Qtz+carb veinlets.
Dacite (type 01). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothennal alteration (propylitic): fdsp pheno-
crysts partially replaced by white mien, qtz, and <:arb, fdsp is albitised, domains ofchl+white mica+qtz+<:arb "nd
qtz+hem, patchy ep+qtz+cilrb groundmass nlteration. Vein~like hem zones and minor Icx. Qtz+carb veinlels.
Dacite (type 01). Weakly fdsp porphyritic. NOli amygdaloidal. Hydrothennal alteration (propylitic): fdsp pheno-
crysts partially replaced by white mica, qlz, and carb, fdsp is albitised. domains of white mica+chl+qtz+carb and
qtz+hem, patchy ep+qtz+carb groundmass alteration. Vein~1ike hem zones and minor Icx. Qtz+carb vcinlets.
Dacite (type DI). Weakly fdsp porphyritic. Non amygdaloid"l. Hydrothermal alteration (propylitic): fdsp pheno-
crysts partially replaced by white mica, qtz, and carb, fdsp is albitised, domains of white mica+chl+qtz+carb,
white mica+chl+ep+qtz+carb, and white miea+qtz groundmass alteration. Spotted ep and hem, minor Icx. QIZ+
carb vein lets.
Dilcite (type 01). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermnl alteration (propylitic): fdsp phcno-
crysts pnrtially replaced by white mica+qtz+carb, fdsp is albitised, pervasive groundmass alteration resulted in a
fine intergrowth of fdsp laths with white mica, chi, qtz, and carbo Patchy ep and disseminated py. Qtz+carb
veinlcts.
Dacite (Iype DI). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothermal alteration (propylitic): fdsp pheno-
crysts partially replaced by white mica, qtz, and carb, fdsp is albitised, pervasive ground mass alteration rcsulted
in a fine intergrowth of fdsp laths with white mica. <:hl, qtz, and carbo Patchy ep+chl+qtz+carb and disseminated
py. Qtz+cnrb veinlets.
Dacite (type DI). Weakly fdsp porphyritic. Non amygdaloidal. Hydrothennal alteration (phyllic): faint pheno-
crysts, pervasive groundmass alteration resulted in a fine intergrowth offdsp laths with white mica, chi, qtz, and
carbo Disseminated py. Intcnsely developed cleavage. Carb veinlets.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of white mica and qtz. Disseminated py. Intensely developed cleavage.
Basalt. Very weakly fdsp porphyritie. Non amygdaloida!. Regional alteration: fdsp phenocrysts are albitised,
pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths with chi, ep, qtz, and carb. Patchy
and spotted ep. Carb+qtz veinlets.
Dacile. Aphyric. Non amygdaloida!. Regional alteration: pervasive groundmass .lIlteration resulted in a fine in-
tergrowth offdsp laths with white mica, chi, qtz, and carb. Spotted ep and minor lex. Qtz+carb veinlets.
Dacite. Weakly fdsp porphyritic. Poorly amygdaloidal (qtz+chl filled). Regional alteration: fdsp phenocrysts are
albitised, pervasive groundmass alteration resulted in a fine intcrgrowth offdsp laths with chI, qtz, and carbo Mi-
nor Icx. Carb veinlets.
Dacile. Weakly fdsp porphyritic. Non amygdaloidal. Regional alteration: fdsp phenocrysts arc albitiscd, perva-
sive groundmass alteration resulted in a fine intergrowth of fdsp laths with chi, ep, qtz, and carb. Spotted ep and
minor Icx. Qtz+carb+hem veinlets.
Notes: Ap =apatite, carb =carbonate, chi =chlorite, ep = epidote, fdsp = feldspar, gn = galcna. hem == hematlte, kIn = kaolinite, Icx "" lex, prl
,,0 pyrophyllite. py = pyrite, px = pyroxene, qtz = quartz, sp == sphalerite, zrn = zircon.
Appendix C. Sample catalogue C-II
Sample
(drill hole, meters)
WT25-162
(WT25,162.70-163.30)
WT25-174
(WT25,174.50-175.00)
WT25-198
(WT25.198.15-198.70)
WT25-228
(WT25,228.70-229.70)
WT25-242
(WT25,242.35-243.15)
WT25-265
(WT25,265.45-265.80)
WT25-280
(WT25,280.80-281.40)
WT25-296
(WT2S, 296.65~296.90)
WT25-318
(WT25,318.40-319.10)
WT25-328
(WT25,328.00-328.60)
WT25-339
(WT25,339.85-340.45)
WT25-357
(WT25,357.30-357.90)
WT25-372
(WT25,372.30-373.00)
WT25-386
(WT25.386.60-387.25)
WT25-401
(WT25, 401 .95-402.55)
WT25-408
(WT25,408.80-409.50)
WT25-417
(WT25,417.90-417.95)
WT25-418
(WT25, 418.20-418.70)
W1'25-423
(WT25,423.75-424.95)
WT25-428
(WT25,428.65-428.95)
WT25-434
(WT25,434.45-435.45)
WT25-44 I
(WT25,441.00-442.00)
Petrographic description
Dacite. Moderately rdsp porphyritic. Non amygdaloidal. Regional alteration: fdsp phcnocrysts are albitised, per-
vasive groundmass alteration resulted in a fine intergrowth of fdsp laths with white mica, chi. qtz, ilnd earb.
Spotted ep. Qtz veinlets..
Dacile, Moderately fdsp porphyritic. Non amygdaloidal. Regional alteration: fdsp phenocrysts are albitised, per-
vasive groundmass alteration resulted in a fine intergrowlh of fdsp laths with white mica, chi, qtz, and earb.
Spotted ep and disseminated py. Qtz+carb veinlels.
Andesite. Very weakly fdsp porphyrilic. Non amygdaloidaL Regional alteration: fdsp phenocrysts are albitised.
pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths with chi, ep, qlz, and carbo Patchy
and spotted cp. Carb+qtz vein lets.
Basalt. Strongly fdsp porphyritic. Highly amygdaloidal (qtz+ch[ filled). Regional alteration: fdsp phenocrysts arc
albitised. pervasive groundmass alteration resulted in a fine intergrowth of Fdsp laths with chi. ep, qtz. and earb.
Spotted ep. Hem+qtz veinlets,
Andesite. Aphyric. Highly amygda[oida[ (qtz+earb filled). Regional alteration: pervasive groundmass alteration
resulted in a fine intergrowth of fdsp laths with chi, ep. qtz, and carbo Qtz+earb veinlets.
Basalt. Moderately fdsp porphyritic. Moderately amygdaloidal (qtz+carb filled). Regional alteration: fdsp phe-
nocrysts arc albitised. pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths with chi, ep,
qtz, and carbo Spotted ep. Qtz+earb vcinlets.
Basalt. Weakly fdsp porphyritie. Moderately amygdaloidal (qtz+carb filled). Regional alteration: fdsp pheno-
crysts are albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths with chi. ep. qtz,
and earb. Patchy and spoiled ep. Qtz and qtz+carb veinlets.
Basalt. Very weakly fdsp porphyritie. Highly amygdaloidal (qtz+earb filled). Regional alteration: fdsp pheno-
erysts are albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths with chi. ep. qtz,
and carbo Spotted ep. Qtz+ep and qtz+hem veinlets.
Fine sandstone. Dllrk greenish grey. Massive. Abundant detrital qtz and rare fdsp. Less detrital ap. Diagenetic
py. Regional alteration: fdsp grains are a[bitised, fine grained matrix ofqtz, white mica. chi, and carbo
Mudstone. Dark greenish grey. Massive. Abundant detrital qtz and rare fdsp. Less detrital ap. No diagenetic py.
Regional alteration: fdsp grains are albitised, fine grained matrix of qtz and white mica with minor chi and carbo
Coarse feldspar-qullnz sandstone-breeda. Abundant fdsp (abundance: 70%, size: 1-2 mm) and quartz (abun-
dance: < 5 %. size: < 2 mm) crystals. lithic fragments (abundance: < 5%, size: 1-2 mm). Diagenetic py, Phyllitie
matrix. Regionallllteration: fdsp crystals and lithic fragments preserved, fdsp is albitised, fine grained matrix of
white mica, chi. qtz, and carb. Minor lex. Carb veinlets.
Fine sandstone. Dark greenish grey. Laminated to very thinly bedded. Individual beds: unequal thickness and
lalerally continuous. Abundant delrilal qtz and fdsp. Less detrital ap. No diagenetic py. Regional alteration: fdsp
grains arc albitised, fine grained matrix of qtz, white mica, chi, and earb. Carb+qtz veinlets.
Andesite. Aphyric. Non amygdaloid31. Regional alteration: pervasive groundmass alteration resulted in a fine
intergrowth of fdsp laths with chi, qtz, llnd carbo Disseminated py. Qtz+carb veinlets.
Mudstone. Greenish black. Massive. Phyllitic. Detrital qtz and abundant fdsp. Less detrital ap, Diagenetie py
frequently enveloped by earb halos. Regional alteration: fdsp grains are albitised. fine grained matrix of qtz,
white mica, chi, and carbo Well developed cleavage. Carb veinlets crosscut foliation.
Daeite. Aphyric. Non amygdaloidal. Regional alteration: pervasive groundmass alteration resulted in a fine in-
tergrowth of fdsp laths with white mica, chi, qtz, and earb. earb and carb+qtz veinlets.
Mudstone. Dark greenish grey. Massive. Abundant detrital qtz and fdsp. Less detrital ap. No diagenetic py. Re-
gional alteration: fdsp grains arc albitised, fine grained matrix of qtz, white mica, chi, and carbo Intensely devel-
oped c1eavlIge. Carb veinlets crosscut foliation.
Resedimented dacitic hya[oclaslitc (type DI). Weakly fdsp porphyritie. Non amygdaloidal. Clast size: 4 cm.
Clast shape: blocky with subrounded to rounded corners. Hydrothermal alteration (propylitic): fdsp phenocrysts
are albilised, pervasive ground mass alteration resulted in a fine intergrowth of fdsp laths with qtz Ilnd carbo
Spotted hem and minor lex. Carb and qtz+carb veinlets.
Coarse quartz-feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 25%, size: 2-3 mm) and fdsp
(abundance: 15%, size: 3 mm) crystals, abundant lithic Fragments (abundance: 40%. size: < 8 cm). Phyllitie ma-
trix. Hydrothermal alteration (propylitie): fdsp crystals and lithic fragments preserved. fdsp is albitised, fine
grained matrix of white mica, chi. qtz, and earb. Minor lex. Qtz+carb veinlets.
Coarse quartz-feldspar crystal-rich sandstone-breccia. Abundant qtz (abundance: 30%, size: 1-3 mm) and fdsp
(abundance: 50%, size: 1~2 mm) crystals, lithic fragments (abundance: 5%. size: J-6 mm). Phyllitic matrix. Hy-
drothermal alteration (propylitic): fdsp crystals and lithic fragments largely preserved, fdsp is albitised, fine
grained matrix of white mica. chI, qtz, and earb. Minor ep llnd Icx. Qtz+carb veinlets.
Coarse quartz-feldspar erystal~rich sandstone-brecda. Abundant qtz (abundance: 30%, size: 2-3 mm) and fdsp
(abundance and size obscured by alteration) crystals. Phyllitic matrix. Hydrothermal alteration (phyllic): fdsp
crystals entirely replaced by white mica, qtz, and earb, fine grained matrix of white mica, chi, qtz. and carb.
Spotted hem and minor lex. Intensely developed cleavage. Qtz+carb veinlets.
Coarse quartz-feldspllr crystal-rich sandstone-breeeia. Abundant qtz (abundance: 50%, size: 2-3 mm) and fdsp
(abundance and size obscured by alteration) crystals. Phyllitic matrix. Hydrothermal alteration (phyllic): fdsp
crystals entirely replaced by white mica, qtz, and carb, fine grained matrix of white mica, chi, qtz, and carb,
Spotted hem and minor lcx. Intensely to very intensely developed cleavage. Qtz+ep veinlels.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inter-
growth of remnant fdsp laths with white mica, chi. qtz, and earb. Disseminated py. Very intensely developed
cleavage.
Notes: Ap '" apatite, carb =carbonate, chi =chlorite, ep =epidote, fdsp = feldspar, gn '" galena, hem =hematite. kin = kaolinite, lex = lex, prl
= pyrophyllite, py =pyrite, px =pyroxene, qtz =quartz, sp = sphalerite. zrn =zircon.
Appendix C. Sample catalogue C-12
Sample
(drill hole, meters)
WT25-444
(WT25,444.85-445.95)
WT25M 458
(WT25,458.80-459.90)
WT25-478
(WT25,478.40w 479.40)
WT29-133
(WT29,133.10·133.15)
WT35-306
(WT35,306.20-306.30)
WT35-309
(WT35,309.00-309.10)
WT35-310
(WT35, 310.20-310.25)
WT35-312
(WT35,) 12.00-3 [2.05)
Petrographic description
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inler-
growth of white mica, chi, qtz, and carbo Disseminated py. Very intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally destructive alteration resulted in a fine inler-
growth of while mica and qlz. Disseminated py. Intensely developed cleavage.
Intensely altered rock. Hydrothermal alteration (phyllic): texturally deslntctive alteration resulted in a fine interw
growth of white mica, chi, and qtz. Disseminated py. Very intensely developed cleavage.
Resedimented dacitic hyaloclastite. Moderately fdsp and very weakly quartz porphyritic. Non amygdaloidal.
Clast size: 5 cm. elast shape: blocky with rounded corners. Hydrothermal alteration (phyllic): fdsp phenocrysts
are replaced by white mica, qtz, and carb, pervasive groundmass alteration resulted in a fine intergrowth offdsp
laths with qtz and chI. Minor lex. Carb and qtz+chl veinlets.
Resedimented dllcitic hYllloclastitc. Weakly fdsp and very weakly quartz porphyritic. Non amygdaloidal. Clast
size: >15 cm. Clast shape: blocky with rounded corners. Hydrothermal alteration (propylitic): fdsp phenocrysls
largely preserved, fdsp is albitised, domains of qtz+chl and qtz ground mass alteration. Minor Icx. Qtz+chl vein-
lets.
Resedimented dacitic hyaloclastite (type DI). Weakly fdsp porphyritic. Non amygdaloidal. CllIst size: >15 cm,
Clast shape: blocky with subrounded to rounded corners. Hydrothermal alteration (propylitic): fdsp phenocrysts
largely preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths
with qtz and hem. Minor lex. earb and qtz+carb veinlets.
Rescdimented dacitic hyaloclaslite. Moderately fdsp and strongly quartz porphyritic. Non amygdaloida1. Clast
size: 3 cm. Clast shape: blocky with planar to curviplanar margins, rounded corners. Hydrothermal alteration
(propylitic): fdsp phenocrysts largely preserved, fdsp is albitiscd, pervasive groundmass alteration resulted in a
fine intergrowth offdsp laths with qtz and chi. Spotted hem and minor lex.
Rcsedimented daeitic hyaloclastite. Moderately fdsp porphyritic. Non amygdaloidal. Clast size: 4.5 cm. Clast
shape: blocky with subrounded to rounded corners. Hydrothermal alteration (phyllie): fdsp phenocrysts largely
preserved, fdsp is albitised, pervasive groundmass alteration resulted in a fine intergrowth of fdsp laths with qtz
and hem. Minor lex.
Notes: Ap =: apatite, carb =: carbonate, chi =: chlorite, ep =: epidote, fdsp "" feldspar, gn "" galena, hem"" hematite, kIn =: kaolinite, lex =: lex, prl
=: pyrophyllite, py =: pyrite, px = pyroxene, qtz "" quartz, sp = sphalerile, zrn =: zircon.
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